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NOMENCLATURE

A - aspect ratio <= b^/s
(AE/L) - spring constant of an elastic member, pounds per foot
B - bungee cord tension, pounds
b - wing span, feet
c.g. - center of gravity
Cg - bungee cord damping coefficient, pound-seconds per foot
CD - drag coefficient = D/qS
CL - lift coefficient = L/qS
CT
- maximum lift coefficient = L
/qS
Lmo>ur
max
max
Cm - pitching-moment coefficient - M^/qSl^
Cr - rolling moment coefficient = Mx /qSl^
Ct - tire damping coefficient, pound-seconds per foot
D - drag, pounds
g - acceleration of gravity, 32.2 feet per second per second
H.P. - horsepower
K - speed, knots
kias - knots indicated airspeed, knots
Kg - bungee cord spring constant, pounds per foot
Kt - tire spring constant, pounds per foot
L - lift, pounds
w

- maximum lift, pounds

1^ - keel length, or root chord, feet
L/D - lift-drag ratio
x

(L/D)

- maximum lift-drag ratio

MPH - speed, miles per hour
Mx

- rolling moment, foot-pounds

My

- pitching moment, foot-pounds

P - power, foot-pounds per second
O
q - free stream dynamic pressure =

, pounds per square foot

S - wing fabric area, square feet
T - initial bungee cord tension, pounds
V - velocity, relative to the air, feet per second
W - vehicle weight, pounds
W/S - wing loading, pounds per square foot
X, Y, and Z - coordinate axes
x, y, and z - displacements
X^ - the distance back from the nose and parallel to the keel, feet
- the distance down from the keel and perpendicular to it, feet
(X - keel angle of attack, degrees
- billowing angle, degrees
$ - glide path angle, degrees
A. - leading edge sweep angle, degrees
leading edge sweep angle of the flat planform, degrees
0 - landing gear rotation angle
density, slugs per cubic foot

THE INVESTIGATION AND DESIGN OF A POWERED,
SINGLE-MAN PARAWING AIRCRAFT

CHAPTER I

INTRODUCTION

During the last few years there has been an increasing interest in a
high-lift wing configuration known as the flex-wing, or parawing.

The para

wing consists basically of a flexible membrane such as cloth, attached to
two leading edges (or booms) and a keel as shown in Figure 1.
attack

(06) greater

At angles of

than the billowing angle (/A). the air impinges on the

under side of the membrane and forces it into a double-arch shape at each
cross-section.

When straight leading edges are used, each arch approximates

the shape of a conical section.

A cylindrical section is obtained by giving

the leading edge a circular arch shape as seen from head on.
The payload is suspended beneath the parawing by a cable or linkage
attachment to the keel and/or the leading edges of the wing.

Control may be

accomplished by changing the wing shape, by rudders, or by shifting the
center of gravity position with respect to the wing.

Applications
A popular magazine’s reference to the "Pterodactyl Flex-Wing" reminds
one that, in nature at least, the parawing concept is not new (1:85).

The

concept began to receive m o d e m attention, however, when Dr. Francis M.
Rogallo of NASA's Manned Spacecraft Center at Langley Field, Virginia, began
experimenting with the flexible-lifting-surface concept in the late 1950's

( 2 : 1) .
1

TOP VIEW

FRONT VIEW

Fig. 1.--Sketch of General Parawing Configuration
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Rogallo's parawing kite was not a commercial success, but he went on
to introduce the concept into the fields of space and defense with consider
able success.

These applications of the parawing are discussed below because

findings of tests made on them also apply to the commercial application with
which this paper is concerned.

Some of the characteristics which make the

parawing desirable in these applications are (a) light weight, (b) low cost,
(c) stability through a large angle-of-attack range, (d) high lift-coefficient,
(e) high payload-to-total-weight ratio, and (f) maneuverability (2:3).

Space Applications
The need to return a man from space has given rise to the need for a
recovery vehicle with the following characteristics:

(a) low weight, (b)

small volume at launch, (c) low reentry acceleration, (d) low reentry
temperature, and (e) stability and maneuverability to perform a low or
moderate-speed landing.

The parawing fills these requirements well.

Para

wing reentry temperatures are held below 1500°F; accelerations, below 1.6 g's;
and vertical landing velocities, down to 10 feet per second.

The parawing

reentry is accomplished with 50 percent less weight than comparable reentry
systems and the storage space required is small when an inflatable structure
is used (2:1).
Ryan Aeronautical and North American Aviation have done work on
adapting the parawing for use in the Gemini capsule recovery operation.
1964 the parawing was still being considered for that function.

In

If it proved

itself very well and if the Air Force decided a precision landing was neces
sary, it was to be phased in for the last flights of the Gemini Program (3:21).
Since their development, parawings have been used for recovery of the
Dornier sounding rocket (4:65) and in the IMP Project to measure micromete
oroid flux (5:137).

Another space application being seriously considered is

the recovery of rocket boosters after burnout (6:1)

4

Military Applications
The military has been studying numerous parawing applications.

The

parawing can be used as a pilotless tow vehicle which will increase a heli
copter’s payload by as much as six times (7:103), and which can be released
from the towing vehicle and guided by radio control to a predetermined
landing site (8:5).

It can be used as a steerable glider-parachute or as a

piloted and powered utility vehicle for logistic support of combat troops
and for general utility missions.

This last application has received the

most attention and Ryan Aeronautical Company is now under contract to the
U.S. Army Transportation Research Command to design, build, and test a new
member of their piloted parawing vehicles--a Flexible Wing Aerial Utility
Vehicle nicknamed "Fleep" (9:15).

(See Figure 2.)

Another parawing application of both military and civilian interest is
its use as a lift-assist for takeoff and landing of supersonic aircraft.
Wind tunnel tests have shown a threefold increase in overall lift with little
effect on other aerodynamic characteristics (7:103).

Civilian Applications
Ryan personnel have suggested that there may be a future for the para
wing utility vehicle among ranchers and others concerned with travel over
rough terrain.

Several persons at Brigham Young University, including the

author, feel that there is also a market for a small, inexpensive parawing
sport vehicle which could be used simply for flying or to gain access to
good hunting and fishing.

It is felt that a vehicle capable of carrying a

man and his gear at speeds between 25 and 50 miles per hour can be built for
less than $1,000.

This vehicle would require only a short runway (200 to 300

feet) and could be stored in a garage and towed on the highway.

Fie. 2.--Ryan-desi^ned U.S. \ m y XV-8A "Fleep”
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Objectives
This paper has two primary objectives:

(a) to present that information

from the literature which will be helpful in designing and building a small
parawing sport-aircraft, and (b) to use that information, along with further
analysis, to make preliminary design decisions; in other words, to develop
the capability of designing and building a prototype craft.
The information which is presented was drawn from model and prototype
tests of parawings in various applications and is presented as it relates
to the different areas of aerodynamics, structural design, controls, etc.
The major areas which needed further analysis were the landing gear
and the frame.

An effort was made to determine a satisfactory landing gear

configuration and a satisfactory structure to join all the aircraft com
ponents together.

The landing gear and frame design was not meant to be a

final design; rather, the objective of the analysis was to demonstrate the
design feasibility and to be a guide to further and more complete analysis.

CHAPTER II

INFORMATION FROM PREVIOUS INVESTIGATIONS

This chapter presents information obtained from the literature, largely
NASA Technical Notes.

The information is drawn from tests made on models

and prototypes of wings alone, lift-assist parawings, towed gliders, and
powered and/or manned vehicles.

That information is presented which was

felt to be applicable to the construction of a small, powered, manned
vehicle.

The topics under which the material is presented are aerodynamics,

controls, stability, performance, power plants, wing construction, and
frame construction.

Aerodynamics
Many factors influence the aerodynamic performance of a parawing; some
of these factors and their effects on aerodynamic quantities, such as the
lift and lift-drag coefficients, are discussed below.

Effect of Leading Edge
Figure 3 shows that a small leading edge diameter gives higher liftdrag ratios than would a large leading edge diameter, such as an inflatable
structure would have.
Attaching the fabric to the top of the leading edges and keel gives
better lift-drag ratios than attaching it to the bottom.

But attachment to

the bottom makes the wing more stable while giving a higher lift coefficient
at low angles of attack.

Attachment to the top was considered preferable

(10;9) and further improved stability could be obtained by covering the under
side of the nose with fabric (11:16).
7
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LEADING EDGE DIAMETER (% KEEL LENGTH)
Fig. 3.--Effect of Leading Edge Diameter on (L/D)^,^ for Two
Different Parawings (From References 12:82 and 10:10).

Effect of Sweepback Angle
One series of tests showed that the optimum sweepback angle was 5°
greater than the flat planform sweepback angle.

As nearly as could be

determined, the best flat planform sweepback angle was 45°.

For less than

a 5° difference between the sweepback angle and the flat planform sweepback
angle, the lift-drag ratio decreased (10:1).

Most of the models and proto

types tested used this optimum configuration.

Effect of the Flexible Membrane Material
The flexibility of the membrane had little effect on the wing perform
ance but the porosity of the membrane did have an effect.

A porous membrane

reduced the lift and lift-drag coefficients and gave an inferior glide
angle (2:5).

Most of the wings tested were non-porous, having membranes of

Mylar bonded to a fabric such as rip-stop nylon

9

Effect of Boltrope Shortening
Boltrope shortening is the amount by which the trailing edge of the
flexible membrane is shortened and is expressed as a percent of the flatplanform-trailing-edge length.

The purpose of boltrope shortening is to

reduce trailing edge flutter (luffing) at low angles of attack and to improve
the aerodynamic characteristics.
shortening had on one wing.

Figure 4 shows the effects that boltrope

The maximum lift coefficient and the maximum

lift-drag ratio was increased.

It appears, however, that merely attaching

the boltrope caused all the increase in the maximum lift-drag ratio and that
subsequent shortening increased the maximum lift coefficient and the liftdrag ratio at values other than the maximum.

Effect of Angle of Attack
The longitudinal characteristics of the wing are largely dependent on
the angle of attack.

The lift-drag ratio and lift coefficient are functions

of the angle of attack for a given wing configuration.

Figure 5 shows the

ranges of those three variables and the relationship between them for a
typical wing.

Effect of Leading Edge Shape
Straight leading edges give each half of the parawing a conical shape.
A cylindrical shape is obtained by giving the leading edge a circular arch
as seen from straight ahead (see Figure 6).

The cylindrical shape eliminates

spanwise twist (washout) and reduces the camber.

Figure 7 shows the effect

that the wing shape has on the aerodynamic characteristics.

It is seen that

the cylindrical wing has a much higher maximum lift-drag ratio but that the
conical wing has a higher lift-drag ratio at the higher angles of attack.
The cylindrical wing gives a low angle-of-attack range of lift coefficients
not available with the conical wing.

If high lift rather than aerodynamic

10
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Fig. 4.--Effect of Boltrope Shortening on the Aerodynamic
Characteristics of One Parawing (From Ref. 18:34)
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Fig. 6.— Two Parawings with Two Differently-shaped Leading Edges
(From Ref. 14:19)
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efficiency is desired, a conical wing must be used because high lift is
obtained by going to the high lift coefficient region where the conical wing
has a higher lift-drag ratio (14:8,9).

Effect of Aspect Ratio
An increase in aspect ratio gives an increase of lift coefficient over
most of the angle-of-attack range.

Figure 7 shows that there is a marked

increase in the lift-drag ratio with an increased aspect ratio for the
medium and higher ranges of lift coefficients.

However, there is a decrease

in lift-drag ratio in the lower range of lift coefficients.

The addition of

a finite chord tip to the high aspect-ratio cylindrical wing increased the
lift-drag ratio considerably over the entire range of lift coefficients
(14:27-30).

There is an increase in wing pitch-up tendency with an increase

in aspect ratio but the main disadvantage is the fact that a higher aspect
ratio requires a considerably greater wing span for the same wing area
(14:8,9).

Effect of Vehicle
Table 1 shows that adding a vehicle to a wing reduces the maximum liftdrag ratio considerably.

The decrease is due to an added drag without a

lift addition.

TABLE 1.--Lift-drag Ratios of Two Wings
with and without an Attached Vehicle
(From References 2:8 and 15:18)

Without

With

Wing 1

7.0

5.5

Wing 2

6.2

4.4
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Effect of Center of Gravity Location
The center of gravity affects stability but has little effect on the
lift-drag ratio and lift coefficient except when a high center of gravity
location puts the wing trailing edge in the propeller slipstream at high
angles of attack.

For this condition the stall occurs at a higher angle of

attack than when there is no slipstream interference, and the maximum lift
coefficient is increased (13:8,32).

Control
Longitudinal Control
Longitudinal control is normally accomplished by shifting the center
of gravity forward and backward with respect to the wing.

The center of

gravity is effectively shifted to the rear by tilting the nose of the wing
up (increasing the angle of attack).

The tilting may be accomplished

manually by either a direct pinned-bar linkage or a cable-pulley assembly
and both have shown themselves to be satisfactory (16:15).

There are

limitations to the center-of-gravity-shift control method, however.

At

small angles of attack a forward tilt may turn the wing into a zero lift
position and at high angles of attack a variation in angle of attack may
have very little effect on the inclination of the vehicle.

Also, a too-

rapid increase or decrease in the angle of attack may cause the vehicle to
stall and pitch forward into a tumble.

Should such a pitch-forward occur,

it is sometimes possible to recover stability (if angular moment is not
excessive) by using neutral and back-stick control.

In such recoveries,

stick forces can become very high (above 200 pounds) and should be limited
in some way such as limiting the stick travel range (17:7-9).

The stick

forces may be minimized by hinging near or at the center of pressure (18:43).
Another method of longitudinal control tried was deflection of the keel
trailing edge.

It was found to be effective for tilts of +5° with stick

16

forces of about 50 pounds.

Further deflection was ineffective and stick

forces increased to 100 pounds for a 10° deflection.
A remodified model of a parawing utility vehicle was built and tested
with a Vee-tail madder control arrangement.

Instead of vertical and hori

zontal control surfaces, two surfaces at about 45° from the horizontal and
90° from each other (forming the Vee) were used.

Pitch control was weak

using the Vee-tail so a horizontal rudder panel was added which doubled
the pitch effectiveness.

The Vee-tail, horizontal-rudder arrangement was

replaced by a larger, horizontal panel placed in the propeller slipstream.
This arrangement gave four times as much pitch control as the Vee-tail and
was judged to provide satisfactory longitudinal control.
A wing tip control modification was tried on the same model but proved
to be ineffective as a pitch control device (19:8,13,16).

Lateral Control
Lateral control is basically accomplished by tilt (changing the center
of gravity location to right and left) in the same manner as in longitudinal
control.

Within limits, this type of control is effective for providing

roll and yaw but high stick forces are required (15:18) because of a linear
variation in side force, roll moments, and yaw moments with sideslip (16:10).
Also for high angles of attack, gravity shift was ineffective for lateral
control.

The Vee-tail mentioned earlier provided some lateral control but

not enough to overcome any sizeable lateral disturbance.
When a rudder was placed in the slipstream of the propeller, the
lateral control was increased considerably at large angles of attack where
gravity shift was ineffective, but had less effect at smaller angles of
attack (13:13-15).

The rudder was considered to be a better roll control

device than the gravity shift and provided adequate directional control

17

It also provided roll control by inducing sideslipping which induced roll
by virtue of the high value of effective dihedral of the wing (15:18).

The

rudder also increased the directional stability of the model (13:9).
One model had its wing tips modified so they could be either pivoted
out horizontally or be depressed by a bar swiveled toward the keel.

Both

methods failed to work effectively and were not considered for further
testing (15:18).
Another model had the wing modified so that the aft 14% of the
leading edges would pivot and rotate in the plane of the wing surface.
This modification gave little roll and yaw control at small angles of attack,
but at large angles of attack with the wing locked in a bank, using centerof-gravity shift, the result was the best roll-control system tested.

The

model responded rapidly and required little attention by the roll-yaw pilot
to maintain smooth flight.

The model could be rolled to large angular dis

placements because of the high degree of rolling effectiveness.

It could

also be easily recovered by corrective control and satisfactory lateral con
trol could probably be provided with this system without the use of a
rudder (19:15).
For the utility-type vehicle, it appears that adequate longitudinal
and lateral control with acceptable stick forces could be attained by using
a combination of the wing tip modification and a horizontal tail in the
propeller slipstream in conjunction with wing pitch and bank.

The yaw

control may be augmented by a rudder in the propeller slipstream.

Response
In general, because of the inherent stability of the parawing vehicle,
response Is sluggish.

A seven-second period of Dutch roll* oscillation for

*Dutch roll is an oscillation which is a combination of roll and yaw
motions. It is characteristic of towed objects and is familiar to many as

18

a towed parawing is a qualitative indication of the sluggishness (6:15).

The

immediate response of the vehicle to a control input by the pilot is exactly
opposite that expected by the pilot, but a compensating adjustment follows.
For a heavy load this "wrong" effect is lessened (13:13-15).

With practice,

the aircraft motions can be effectively anticipated (14:8,9) and test pilots
have said that the parawing aircraft is easier to fly than conventional
aircraft (7:103).

Stability
Stability is so closely associated with control that many of the points
discussed in the previous section have a bearing on this section and vice
versa.

Effect of Center of Gravity Location on Stability
It has already been pointed out that tilting the nose up to a higher
angle of attack in effect shifts the center of gravity of the weight under
the wing toward the rear.

Conversely, shifting the center of gravity back

causes an increase in the trim angle of attack (the angle at which the
aircraft will maintain level flight).

At high angles of attack, the para

wing is less stable laterally; the pitch control becomes too sensitive and
stick forces become excessive (6:17).

On the other hand, location of the

center of gravity of the hanging weight too far forward results in a too
low trim angle of attack.

The center of gravity should ideally be placed

just forward of the wing center of pressure but most investigators found
that a trial-and-error method of placement was necessary in determining the
best longitudinal location.
The vertical location of the center of gravity varied drastically from
model to model and from prototype to prototype.

Location varied from 18%

the wiggling motion of certain fishing lures when they are pulled through
the water.
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to 81% of the keel length below the keel.

One author said that stability

and trim could be achieved by locating the payload an appreciable distance
below the wing (10:10).

Another pointed out that a powered parawing vehicle

with a heavy load (low center of gravity) was probably more stable longitu
dinally than one with a light load (high center of gravity), on the basis of
the fact that there was less response to control and wind gusts with a
heavy load (13:13).

Others stated that a low center of gravity location

gave a stable configuration (16:1 and 20:7).

Tumbling
One dramatic result of parawing longitudinal instability is tumbling.
It is interesting and perhaps significant that all models which experienced
tumbling had a relatively high center of gravity location.

Tumbling is

closely associated with stall which occurs at a high angle of attack and
an aft center of gravity position.

From a high, abrupt stall, called a

whipstall, the wing pitches forward and, if there is sufficient inertia
and/or instability, the vehicle goes into a tumble.

A film supplement to

NASA Technical Note D-2291 (Film L-828) shows two sequences of a model
parawing vehicle stalling and tumbling.

Miscellaneous Factors
Stability varies with the angle of attack in different ways for
different test wings depending on pitching and rolling moment coefficients
of the wing, location of the payload, type of control used, etc.

While one

wing may be stable for all except high angles of attack, another may be
stable at high and low angles of attack and unstable for intermediate angles
of attack.
The parawing vehicles are generally more stable with the stick fixed
than when the stick is allowed to move freely.

They are also more stable
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with power on than with power off, especially at high angles of attack
(13:8).
Towline angle greatly affects parawing stability, the best stability
occurring when the towline action passes approximately through the center
of gravity, and towed vehicle stability increases with more positive towline
angles (21:11).
One thing must be kept in mind in applying the parawing information
found in the literature.

Because of fabric, leading edge, and keel de

flection, it is hard to predict performance of one wing on the basis of
performance of another unless the wing is very closely duplicated.
Experience has shown that information obtained from the parawing models
may not be very accurate when applied to the full-scale vehicle but may be
used when approximate values are desired (13:2).

Differences in fabrics

was the main reason for the inaccurate correlations encountered.

Performance
Table 2 gives some of the physical and performance characteristics of
several parawing vehicles which have been tested.

A large range of vehicles

was covered and so a large range of performances, such as speed, resulted.
Some of the performance characteristics of parawing aircraft are (a)
short takeoff distance and low takeoff speeds, (b) very short landing
distances, (c) maneuverability (climb, turn, and dive), (d) stability with
low flight speeds, and (e) flaring capability for low vertical touchdown
velocities.

Figure 8 shows the touchdown vertical velocities attainable

with different approach speeds for vehicle 4 of Table 2.
also shown in Figure 9.)

(That vehicle is
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TABLE 2.--Miscellaneous Data on Several Parawing Vehicles

General
Descrip

"Combat
Utility
Vehicle

MannedPowered

Manned
Glider

1

2

3

Model
Ref. #
Ref.
Wing
Shape
Aspect
Ratio
Vehicle
Wt.(lb)

(15)

(7)

Manned
Glider

Powered
Model
Utility
Vehicle

Radio
Contr.
Model

Radio
Contr.
Model

Powered
Model
Utility
Vehicle

5

6

7

8

4

(22) A

(22) B

(19)

(17)

(14)

(13)

con.

con.

con.

con.

con.

con.

con.

con.

2.82

--

--

--

--

--

2.8

2.8

1840

--

530

640

78

11.75

15.5

31.0

--

50%
Gross

--

--

--

--

--

22 lb.

47 mph

60 mph

65 kias 65 kias 30 fps

--

15 kias 29 mph

25 mph

—

30 kias 30 kias --

--

5 kias

--

Landing
Gear

4 tubes
with
shocks

4 tubes

single
steel
tube

shocks
&
bungees

—

canti
lever

4 tubes

c .g . %
Keel
Down
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--

47.5

40.8

29.4

25.0

33.0

23.7

Control

direct
link &
cable

--

direct
link

cable

servo

--

servo

servo

5.5

--

3.5

3.9

4.2

--

4.5

--

--

--

17 fps

16 fps

--

--

--

--

40*
span

--

14.7*
booms
& keel

14.7*
booms
& keel

8.67*
keel

5*""
booms
& keel

8.5*
span

11.3*
span

Sweep
Angle

50°

--

50°

50°

50°

45°

50°

45°

Power

180 hp

100 hp

--

--

pneu
matic

model
engine

model
engine

pneu
matic

555

—

150

150

53

--

25.4

45.3

3.3

--

4.0

4.0

1.5

--

.61

1.17

50.0

--

47.5

47.5

44.5

--

46
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Payload
Max.
Speed
Min.
Speed

Sink
Rate
Wing
Size

Wing
Area
(ft2)
Wing
Loading
Attach.
% Keel
Back
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Fig. 8.--Approach Speed vs. Vertical Touchdown Velocity Consistently
Attainable for Ryan Vehicle B (From Reference 22:9,10)

Power Plants
All the power plants mentioned were placed in the rear of the aircraft
for the following probable reasons:

(a) isolation of noise, (b) low air

velocity at the pilot's station, (c) clear field of vision, and (d) balancing
the weight of the pilot.

The power plants were placed so that their lines

of force acted approximately through the center of gravity of the vehicle
both for convenience and for stability.

Sizes of power plants used for

various vehicles are shown in Table 2.

Wing Construction
It has been mentioned that the most common wing fabric was a nonporous
mylar-coated nylon rip-stop fabric.

Most of the fabric seams were sewn.

A

problem was encountered where fabric stretching, imperfect fit, directional
warp and other factors caused flutter and distortion of the desired conical
or cylindrical shape.

The Ryan engineers found that giving a sailmaker the

Fiy. C .--Rynn Vehicle P> (Unpowered)

(From Ref. 22: IP)
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freedom to use sail-making techniques to build the wing resulted in a muchimproved wing shape and performance.
Flutter and depression in the aft section of the fabric led investiga
tors to try installing battens in the trailing edge of the wing.

The battens

merely moved the depression forward on the wing but flutter at the trailing
edge was reduced.

There was very little effect on the aerodynamic

characteristics (15:7).
Construction of an upturned nose, which was tried on a couple of wings,
caused the nose to be too flexible, and the sweepback angle changed during
flight.

Although this modification made the glider model more stable, the

lift-drag ratio was lower and the flexible nose was not considered further
(16:10).
Negative geometric dihedral may be built into the wing by building the
nose in such a way that the keel trailing end is raised above the plane
formed by the leading edges (15:18).

This will increase the directional

stability at high and low angles of attack (10:12).
If a high aspect ratio wing is built, consideration must be given to
several factors which may affect the wing supporting structure.

Increasing

the aspect ratio means increasing the span, other things remaining the same,
and the structure must be beefed up to accommodate the added span.

This may

be partially offset, however, by the fact that the loading is more toward
the center and front of the wing.

These structural aspects have yet to be

investigated (14:8,9).
Again it should be stressed that a fabric wing cannot be built solely
on the results of tests on another wing and be expected to have the same
quantitative aerodynamic characteristics unless great pains are taken to see
that all the contributing factors are closely duplicated (13:2).
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Frame Construction
Most of the vehicles and models aimed at manned, powered flight,
utilized a light-weight truss arrangement for the frame.

This light

weight construction made possible low cost, simple design, ease of mainte
nance, modification and repair, manual control, and more pilot safety in the
event of an accident (18:43).
No mention was made of extensive structural analysis.

Evidently other

investigators followed the procedure used by the Ryan engineers, who said of
their structural investigation on two prototypes:

"In lieu of a thorough

stress analysis, both craft were subjected to severe proof testing.

For

instance drop tests were made from a height of 42 in. to demonstrate
structural integrity at a 15-fps-vertical-velocity, 6-g landing.11

(18:43)

Most investigators mentioned the need for a good spreader bar to keep
the leading edges from deflecting and causing a change in wing shape.

This

need is illustrated by the fact that the spreader bar of one test model
failed in bending when the model began tumbling (17:8).

Positioning of the

spreader bar varied from vehicle to vehicle.
Those reports which considered stick forces indicated that stick forces
may go at least as high as 200 pounds for some attachment positions, so par
ticular attention must be given to the structural integrity of the control
stick and linkage (15:49).
All the manned-powered vehicles used the pivot method of attaching the
wing to the frame.

Ryan's Vehicle B utilized a 1948 Pontiac universal joint

for the pivot (18:43).
Very little was said in the literature about the landing gears and truss
structures.

Their analysis had to be done before the final design and build

ing of a vehicle could be undertaken.
analyses

The following chapter deals with these

CHAPTER III

SPECIFIC AREAS OF INVESTIGATION

In order to utilize the information available in the literature,
many restriction, assumptions, and estimates had to be made before pro
ceeding with the preliminary design of the parawing aircraft.

The

following decisions were prompted by the characteristics desired in a
small sport aircraft.

The first decision was to limit the wingspan to

30 feet; the second was to keep the gross vehicle weight to 400 pounds
if possible; the third was to keep the takeoff velocity as low as possible;
and the fourth was to assume the power to be supplied by two 8 horsepower
Westbend engines.

Subsequent decisions were based on calculations using

these values.

Wing Configuration
To aid in determining a good wing configuration for low takeoff speed,
a plot of Required Wing Area vs. Takeoff Speed for different values of lift
coefficient was made (see Figure 10).

Wing Areas corresponding to given

aspect ratios were taken from Figure 11 and used with Figure 10 to determine
takeoff speeds at different lift coefficients.

Figure 12 shows the takeoff

speeds of two wing configurations for different lift coefficients, the
higher lift coefficients being used normally for takeoff.

These two aspect

ratios were investigated because of the available wind tunnel data avail
able on both for cylindrical and conical wings.
26

cdt;

Fio;. io.--Speed vs. CT and Sequireri ’’in? Area for 400 1'- (’
Press) Vehicle
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WING AREA (sq. ft.)
0

1

2

3

4

5

6

7

8

ASPECT RATIO
Fig. 11.--Aspect Ratio vs. Wing Area for 30-foot Wing Span

TAKEOFF SPEED (mph)
Fig. 12.--Takeoff Speed vs. Lift Coefficient for Two Wings of Aspect
Ratio 2.8 and 5.8
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Another important consideration in choosing a wing configuration was
the horsepower requirement.

A plot was made of Horsepower Required vs.

Speed and Lift Coefficient for each of five wing configurations (see Figures
13 through 17).

To use these graphs, choose values for wing area and lift

coefficient and determine the speed from Figure 10.

Then using that speed

and the lift coefficient already chosen, use the graph (one of Figures 13
through 17) corresponding to the desired configuration to obtain the horse
power required.
Figure 12 shows that the low aspect-ratio wing gives a lower takeoff
velocity than the higher aspect-ratio wing so, in that respect, the lower
aspect-ratio wing is more desirable.

Figures 13 through 17 show that all

five configurations can be flown with the 8 air horsepower* which would be
available from the two Westbend engines.
A curve has been superimposed on each Horsepower - Speed curve which
traces the performance for the wing area corresponding to that configuration.
The nose of the curve, which occurs at the left, indicates the minimum horse
power at which the wing can be flown.

The two intersections of the curve

with a particular constant horsepower line indicate the maximum and minimum
speeds available at that horsepower.
With the aid of these curves it is seen that the low aspect ratio
cylindrical wing gives a higher maximum speed with 8 air horsepower than
does the low aspect ratio conical wing.

However, the same conical wing

will have a slightly lower minimum speed than that of the cylindrical wing.
The conical wing has a higher minimum flying horsepower than that of the
cylindrical wing so in case one engine fails, the cylindrical wing vehicle
*The 16 shaft horsepower is assumed to be reduced to 8 air horse
power (thrust x aircraft velocity) by a propeller efficiency of 50 percent.

HORSEPOWER REQUIRED
Fig. 13.— Speed vs. CT and Horsepower Required for Conical 'ling with Aspect Ratio of 2.3

SPEED (MPH)
Fig. 14.--Speed vs.

and Horsepower Required for Conical

,
’inp with Aspect Ratio of 5.”

Fig. 15.--Speed vs.

and Horsepower Required for Cylindrical Wing with Aspect Ratio of 2.8

IIORSEPO'TER RSQUIRS!)
Fig. 16 .--Speed vs. Cj and Horsepower "squired for Cylindrical Uing with Aspect Ratio of 5.8

SPEED (MPH)

« Fir:. 17.--"peed vs. C. and Horsepower Required for Cylindrical '.ving with Aspect Ratio of 5.R and Modified Tip
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might have a small advantage over the conical wing.

It has been shown,

however, that both the conical and the cylindrical wings with aspect ratios
of 2.8 will probably give the desired performance.

Because of the design

and stability factors, however, the conical wing would be preferable for a
first try.

Landing Gear Configuration
Although a zero vertical velocity touchdown is attainable from
powered flight without flaring and from unpowered flight with flaring, the
landing gear should be designed for a 17-foot-per-second vertical-velocity
touchdown.

This would provide for the case in which power is completely

lost and the pilot is unable to flare the vehicle.

Several landing gear

types are available, namely (a) a cantilever beam strut of spring steel,
(b) a single, solid-strut with a built-in spring-damper shock absorber,
(c) a swivel-strut and damping-strut combination, and (d) a swivel-truss
and bungee cord* combination.

Types (a) and (b) were dropped because of

their comparatively heavy weight.

There was no apparent large advantage of

either (c) or (d) over the other, and type (d) was chosen as a likely landing
gear because of its common use on light aircraft.
The effects of varying the landing gear geometry were analyzed by first
assuming an over-all size for the landing gear (see Figure 18) and then vary
ing the landing gear geometry.

A two-dimensional landing gear in the plane

perpendicular to the line of flight was used in this analysis and then later
expanded to three dimensions.

The analysis, which was made using the Comcor

*A bungee cord is a large elastic band used as a spring in several
of the light commercial aircraft. It comes in sizes ranging from %-inch
to several inches in diameter and several cords may be used in parallel
to give the desired stiffness.
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Bungee Cord Attachment

Fig. 18.--Beginning Size Assumptions for Landing Gear Analysis

Fig. 19.--Sketch of Right Half of Landing Gear Configuration Number X,
as Seen from the Rear
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Analog computer, is given in Appendix B.

The configuration which came

nearest to giving the desired results is shown in Figure 19.
The landing gear analysis was made assuming small-angle deflections
and rigid tires.

The effects of these assumptions are discussed in

Appendix B.
From Appendix B, then, it is seen that the small angle assumption
analysis yields an acceleration of 7.5 g ’s with a landing gear rotation of
about 28 degrees.

The 7.5-g acceleration is a conservative value and may

be safely used for design calculations in the frame analysis program.

Frame Design
By using the method outlined below for analyzing the frame, the
engineer may quickly arrive at a low weight (actually the optimum weight
for a particular configuration) structure with a minimum of calculation
and time.
For the first try some basic dimensions must be chosen.

Those dimen

sions which must be chosen first are (a) wheelbase, (b) ground-to-wing
distance, (c) front-to-rear wheel distance, and (d) forward-rear location
of wheels with respect to the wing.

In the author’s analysis these dimen

sions were obtained by using the dimensions of Ryan Vehicle A, scaled up by
a factor of 1%.

It was felt that this scaling-up gave satisfactory results

except for the ground-to-wing distance which was easily altered later.
After the over-all structural dimensions had been chosen, a oneeighth-scale model was built.

The model was then used to aid in defining

the frame configuration for the computer.
are discussed below in more detail

The model and computer analysis

38

The Model
The model was built using "D-STIX"* which employ flexible plastic
connectors and l/8-inch dowelling.
model with a minimum of wasted time
changes in the model design.

This method made it possible to build a
and lent itself very well to making

Also, the flexibility of the joints x*as an aid

in building a structurally-sound frame.
The primary considerations in the construction of the model were (a)
fitting the structure to the landing gear configuration which had been chosen,
(b) supplying a place to mount the engine and propeller, (c) providing the
pilot with a clear field of vision, (d) providing a front wheel mount, and
(e) locating the center of gravity in the proper place with respect to the
wing.
Figure 20 shows the "D-STIX" model which was used.

No changes were

made in the model itself, but changes were made in the configuration fed
back into the computer in order to make the results symmetrical about the
plane of flight.

It was found that once a basic model was built, minor

configuration changes could easily be made in the computer input without
having to modify the model.
The model shown was completely triangulated (a truss structure whose
members need no bending or twisting resistance) with one exception:

the

two landing gear halves were allowed to rotate about the pivoting members.
This rotation was restricted only by the rubber band which represented the
bungee cords.

In the computer, the bungee cords were represented by elastic

members having the proper spring constant, (AE/L), and the pivots were
simulated by letting members 9-10 and 11-12 be truss members in the
program.
*Available from Edmund Scientific Company, Barrington, New Jersey
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Fig. 20. - - " D -S T IX " Model of Parawing Vehicle F ra m e
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Although the front wheel support was triangulated on the model, the
two side supports were removed in the computer analysis and the front wheel
support member was given bending stiffness (in other words, made into a
frame member) in order that it might flex when the vehicle landed.

The Computer Analysis
The computer analysis was done by using the "Frame Analysis" program
which was written by Dr. Henry N. Christiansen at Philco Corporation, in
the Altac language, and translated into Fortran IV by Dr. Christiansen and
the author at Brigham Young University.

The program will handle any

structurally sound linear frame or truss, provided computer storage is
available,* with any combination of the following loads:

(a) dead weight,

with the user choosing the strength of the gravitational field, (b) concen
trated forces and moments, (c) uniformly-distributed loads, and (d) loads
induced by temperature differences.
The block diagram, program listing, and dictionary are given in
Appendix C and a guide to using the program (including a sample problem)
is given in Appendix D.
The control linkage and wing were not included in the model and frame
analysis because they are not fixed to the frame in a structurally stable
manner.

In the computer analysis, the wing effects were applied to the frame

as concentrated loads at the top of the frame truss.

Control linkage reac

tions were neglected in this first analysis but they may, and should, be
calculated and applied to the frame in future analyses.
*The approximate storage necessary for a particular problem may be
obtained as follows: Storage Requirement ■ 27*(number of joints) + 16«
(number of members) + 6*(number of joints)°(bandwidth) - 0.5 (bandwidth)*
(bandwidth), where the bandwidth is, approximately, (bandwidth) = 6(a-b)max
- (number of restraints on joints between a and b). a and b are the
joint numbers at the ends of the members, a being the larger of the two.
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Inputs to the program include titles; the number of members and joints;
the x, y, and z coordinates of each joint; restraints at each joint; the
area, elastic modulus, unit weight, coefficients of thermal expansion,
bending and torsional moments of inertia (if moments are applied) of each
member; the direction cosines (if the bending moments of inertia are non
zero) of each member; and the loading system.
Restraints used for analyzing the frame in flight were different from
those used for the landing analysis.

The restraints which were used for

both conditions are shown in Table 3.

TABLE 3.--Frame Joints Restrained in the Computer Analyses for Flight and
Landing

RESTRAINT
x - dis
placement

y - dis
placement

z - dis
placement

rotation
about
x-axis

rotation
about
y-axis

rotation
about
z-axi s

Flight

1, 14

1, 14, 27

1

all but
28

all but
28

all but
28

Landing

6, 7, 14

14

16, 18

all but
28

all but
28

all but
28

The coordinate system was chosen as shown in Figure 20.
values used for input to the computer are given in Table 4.

TABLE 4.--Various Values Used for
Input to Frame Analysis Program
Variable

Value

NM

92

NJ

28

E

30 x 106 psi

f>

.284 lb/in3

oc

6.67 x 10"6/°F

Some of the

42

Values chosen for the member areas for the first and second runs are
given in Table 5.

Structural weight on the first run was 205.5 pounds and

on the second run, 73.7 pounds.

For the second trial run, member areas

were chosen on the basis of forces and moments obtained from the first run.
Forces in the members were lower for the second run, but only by factors
running from zero to about three.

It was decided not to reduce the size

of the members further and to let the difference be a safety factor of
zero minimum and about three maximum.

If the axial forces were compressive,

consideration was given to the length of the member by applying Euler's
equation*
* for buckling (23:79).

The member sizes were chosen on the basis

of stresses and available tubing sizes listed in Peery (24:557).

The

structural weight and member sizes converged rapidly to one set of values
and, at most, three sets of member choices would be sufficient to deter
mine the member sizes for a given configuration.

*Euler's equation is

Pcr =

2 2

, where Pcr is the critical load,
L2
L is the length, and n is a constant tfhich depends on the manner in
which the ends are supported. For this case the conservative value of
n = 1.0 was used.

TABLE 5.--Member Areas Chosen for the First Two Runs on the
Parawing Frame

Area
Member #

Run 1

1 - 2
1 - 3
1 - 4
2-3
2-4
2-5
3-4
3-5
3-6
3-7
4-5
4-6
4-7
5-6
5-7
5-8
6-7
6-8
6-10
6-14
6-19
6-20
7-8
7-12
7-14
7 - 19
7-20
8-9
8-10
8-11
8-12
9-10
9-11
9 - 13
9-14
9-15
9-16
10 - 13
10 - 14
10 - 15
10 - 16
10 - 19
10 - 21
10 - 23
11 - 12
11 - 13

.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.4
.2
.4
.2
.2
.2
•4
.2
.5
.5
.4
.2
.5
.5
.2
.2
.2
.2
.4

Area
Run 2
.089
.050
.050
.016
.016
.050
.050
.016
.050
.016
.016
.016
.050
.050
.050
.165
.069
.050
.089
.089
.050
.016
.050
.089
.089
.016
.050
.069
.089
.069
.089
.089
.089
.165
.050
.191
.242
.140
.069
.165
.216
.089
.089
.089
.089
.165

Member #
11
11
11
12
12
12
12
12
12
12
13
13
14
14
14
14
14
14
15
17
19
19
19
19
20
20
20
21
21
21
21
21
22
22
22
22
23
23
23
24
24
25
25
26
27

-

14
17
18
13
14
17
18
20
22
24
15
17
19
20
21
22
23
24
16
18
20
23
24
25
23
24
26
22
23
25
26
27
24
25
26
27
24
25
26
25
26
26
27
27
28

Run 1
.2
.5
.5
.4
.2
.5
.5
.2
.2
.2
.16
.16
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2
.2

Run 2
.050
.140
.242
.140
.069
.165
.216
.089
.089
.089
.16
.16
.016
.016
.016
.016
.016
.016
.344
.344
.050
.016
.016
.016
.016
.016
.016
.050
.016
.050
.050
.050
.016
.050
.050
.050
.140
.140
.050
.050
.140
.140
.016
.016
.2

CHAPTER IV

CONCLUSIONS AND RECOMMENDATIONS

This thesis has not solved all the problems which will arise in the
design and construction of a light parawing aircraft, but it has indicated
a possible method to follow.

Some of the analysis may prove useful in

choosing a final configuration and components, but the purpose of the
analysis was to provide a pattern from which to make further analyses.
Variations may be made from the pattern and in some cases should be made.
A great capability has been provided in the form of the Frame Analysis
program.

Endless hours of hand computation, previously associated with the

analysis of structures, have been eliminated.
Based on the experience gained in this preliminary design analysis
and from the literature on parawing vehicles, the following recommendations
might be made for those who may do further work along this line.
1.

It would be dangerous to build and fly a parawing aircraft without

a thorough engineering analysis and a well-planned test program.
2.

A conical-section wing should be used, on the first try at least,

because of simplicity of construction and because more is known about its
stability than about the stability of the cylindrical-section wing.
3.

An aspect ratio 2.8 wing should be used, partly because of the

data available and partly because of the increased wing span or takeoff
speed of higher aspect ratio wings.
4.

Construction of the wing should incorporate: a flat-planform

leading edge sweep angle of 45° and a leading edge sweep of 50°; a small
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leading edge diameter; fabric attachment to the top of the leading edge; a
nonporous fabric with as little stretch as possible; and a slight boltrope
shortening--all in order to obtain good aerodynamic characteristics.
5.

Control should be principally by center-of-gravity shift, but the

following control aids should be evaluated:

a vertical rudder in the

propeller slipstream for roll and yaw; a horizontal rudder in the pro
peller slipstream for pitch; and deflection of the wing tips in the plane
of the membrane for roll control.

These devices would help mostly at high

angles of attack.
6.

A stick travel-limiting device should be devised to keep the

wing from nosing up into a stall and to keep the stick from pulling out of
the pilot’s hand at high angles of attack where high stick forces would
occur.

This precaution might also prevent stalling and tumbling of the

vehicle.
7.

The pilot should be provided with instruments to tell him the

airspeed, altitude, and angle of attack.
8.

A seat belt is essential.

More study should be done on the proper placement of the center

of gravity.

When testing is begun, close attention should be paid to the

center of gravity location and its effect on stability.
9.

Work should be done, utilizing "D-STIX" and the Frame Analysis

program, to improve the structural design.

Special attention should be

given to determining the loads applied to the structure and to applying
the restraints so as not to affect the conditions which will actually
exist in the frame under the conditions being examined.
10.

Considerations other than axial stress will have to be considered

when choosing the member sizes.

Appearance will be a factor and so will

handling conditions (the possibility of accidental bumps and forces).
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11.

Tubing-wall thickness may be a limitation because of the difficulty

of welding thin-wall tubing.

However, the possibility of using cast aluminum

joints (or some equivalent) with high-strength cement might be considered.
The actual design, construction, and testing of the vehicle will not
be an easy task.

Many engineering problems must be solved, but the end

product should be very rewarding.
will be of help toward that end.

It is sincerely hoped that this thesis

APPENDIX A

WING CALCULATIONS

WING CALCULATIONS
Derivation of Curves for Speed vs. Wing Area and Lift Coefficient
For flight, the lift of the wing must equal the weight of the aircraft
and is given by

L = W = CT /?v!s.
L
2

.

Therefore, the wing area required is given by

S =

-2W

/°v 2cl

Assuming

W » 400 lb

and

p=

0.066 lb /ft^

(25:483) gives

2(400 lb) (32.2 -lBll£E_^)
S ------------------

lbr sec__
CT (.066 Ilnj)(MPH)2(mph)2( M ) 2(ft/sec)2
L
^t3
60
mph

S -

181,440
(CL)(MPH)2

.

The result of plotting S vs. MPH for different values of C^ is shown in
Figure 10
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Derivation of Curves for Speed vs. Horsepower and Lift Coefficient
The power required to maintain flight is given by

Power ■ Force • Velocity

where

Force - Drag -

H.P. ■

For

L

°

W(V?
500 (L/D)

W

.

W «* 400 lb, we have

, ,x 80 ft/sec
400 lb (MPH)<mPh> 60 'mph.
550 IL-IP. (L/D)
hp

An
H.P. - It 0^7- 1*1^)..
(L/D)

or

For a given wing configuration and a given lift coefficient, liftdrag has a certain value.

Therefore it was possible to plot, for each

wing configuration, a graph of Horsepower vs. Miles Per Hour for
different values of lift-drag or lift coefficient.
in Figures 13 through 17.

These plots are shown

Values of lift-drag for the different configu

rations and lift coefficients were taken directly from the graphs of
reference
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APPENDIX B

LANDING GEAR ANALYSIS

LANDING GEAR ANALYSIS

Configuration Determination

F
B

x

B = force in bungee due to
bungee deflection and
rate of strain

r

F = vertical reaction at
the pivot
R = vertical reaction at
the tire
R

Fig. 21.--Landing Gear Geometry and Applied Forces

Assume first that the members of the landing gear are weightless.
Assume also that the deflections of the bungee cord are small and therefore
that the angle of rotation, 0, remains small.
sented by
Let

0

and

cos 0

Then

sin ©

can be repre

can be represented by 1.

T *> the initial force in the bungee before deflection (lb).
Kg «= the spring constant of the bungee (lb/in), and
Cg = the damping coefficient of the bungee (lb-sec/in).

Use is made of the notation

From elementary vibrations, the force
51

B

can be represented by
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B ■ T + KgX + CBx*

Letting x « a0

.

(B-l)

and x* » a0', equation (B-l) becomes

B - X + aKg0 + aCB0»

.

(B-2)

Now, from a simplified free-body diagram of the aircraft body
(Figure 22), summation of the vertical forces gives

F - My” + W + B

.

(B-3)

Fig. 22.--Simplified Free-Body Diagram of Parawing Vehicle Body

From the geometry of Figure 21,

y - -b0 sin 0

(B-4)

so, substituting (B-4) into (B-3),

F = -Mb0” sin 0 + W + T + aK00 + aCB0»

.

(B-5)

Now, taking the summation of moments about the point of application
of R,

Fb sin 0 = B(a + b sin 0)
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F - a » b sin 0 . g
b sin 0

or

Substituting in the value for

(B-6)

B

from equation (B-2) gives

F - ?.t.b--s.in P (T + aK„6 + aCn6')
b sin 0
B
B

.

(B-7)

Equating the F's of (B-7) and (B-5) gives

a + b sin 0
(T + aKB6 + aCBe»)
b sin 0

-Mb8” sin 0 + W + T + aKgS + aCB6'

which reduces to

6"Mb sin 0 + e'aCR [aji_b_sin^0
B I b sin 0

-] - eaK°[a ;

W + T

or

f

*CB

|Mb sin 0

a + b sin 0 _i |A . *
aKB
1 a + b sin 0 _i 1 « - W + T
Mb sin 0
Mb sin 0 1 b sin 0
b sin 0
(B-8)

This is a nonhomogeneous, second order, linear differential equation with
constant coefficients which is readily solvable on the analog computer.
Values used for the variables and the resulting coefficients are outlined
in Table 6.
For each configuration trial. Kg was given values of 500, 1000, 2000,
4000, 8000, and 10,000.

CB was varied according to the assumption that

only material damping was present.
Again from vibration theory, the damping factor is given by

C_
Cc

where

C

is the damping coefficient and

Cc

is the critical damping
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TABLE 6.--Dimensions of Landing Gear Trial Configurations
Configuration
Trial #

a(ft)

b(ft)

0(degrees)

I

1.66

4.43

50

II

1.66

4.43

60

III

1.66

4.43

70

IV

1

4.43

50

V

1

4.43

60

VI

1

4.43

70

VII

2.33

4.43

50

VIII

2.33

4.43

60

IX

2.33

4.43

70

X

1.66

3.5

60

XI

1.66

5.5

60

XII

2.3

4

40

XIII

3.2

2.7

40

XIV

2.5

3.2

50

1.75

4

55

2

3.5

60

XV
XVI

coefficient given by Cc = 2 VKM' .

Therefore, the damping factor may be

expressed as

f

c_.

c

(B-9)

Cc

According to Crede, 30 and 60-durometer rubbers have equivalent
viscous damping ratios of 0.02 and 0.08 respectively (26:194).

Assuming a

damping ratio of 0.08 for the bungee cord rubber and substituting this
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value into equation (B-9) gives, after rearranging,

C - 0.16/ / K bM '

For a weight of 400 pounds the equation can be expressed as

C - 0.16
( _ 1 L _ ) Kr( W
V 32.2 ft/sec2
B ft

or

C - .563-s/k? lk:22£.
B
ft

.

(B-10)

Values of Cj, corresponding to the values of Kg used are given in Table 7.

TABLE 7.— Material Damping
Coefficients for Bungee Cords
of Various Stiffnesses

kb

CB

500

12.6

1000

17.8

2000

25.2

4000

35.6

8000

49.5

10000

56.3

Values for the coefficients of equation (B-8) were calculated using
values from Tables 6 and 7.

These coefficients were then used to calculate

the pot settings for the analog computer program which was set up as follows.
In order to set up the equations and scale them, variable values were
chosen as:

a «= 1.66 ft, b « 4.43 ft, 0 = 60°, Kg = 1000 lb/ft, and Cg «

12.5 lb-sec/ft.

These values yielded the equation
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9" --(0.374 0' + 30 0 - 8.4)

The initial conditions were:

0»(o) « -0.472 y*(o) - -0.472 (-17 ft/sec) - + 8.02 ft/sec

and

0(o) — 0

•

In order to magnitude-scale the equation, let
and

0" - 2.

0 - 200,

0' - 10,

This gives the scaled equation

(20") - - Q

o 748

(10 0») + .3 (200 0) - 16.?]

The computer diagram is shown in Figure 23.
Because of the slow plotter response time, the time constant,yS ,
was set equal to 10.

It was also necessary to scale the problem down to

avoid overloading the amplifiers and

m

was given the appropriate value

of 0.01.
Plots for each Configuration Trial Number were run by calculating the
coefficients and resetting pots 6, 10, and 11 to the appropriate values.
Different values for Kg and Cg were set by changing pots 12 and 13,
respectively, to their appropriate values.
Plots of the first quarter cycle (plus) of each of the runs are
shown in Figure 23.

Scaling of the plots was done by the following formulae.

Variable Value m
Pen Plotter Scale (V/ln)____________
inch on the plot
m • Magnitude Scale Factor (V/variable dimension)
where

m

is the factor by which the problem is reduced in order to avoid

overloading the amplifiers.

______Time_______ ________ * Arm Plotter Scale (V/in)____________
inch on the plot ™ 100 • (Time Base Generator Pot Setting)(V/sec)

100 V.

.100 V

Ul
~-l

Fig. 23.— Computer Diagram for Landing Gear Analysis
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Because of the geometry of the landing gear, it was necessary to
keep the angle of rotation below .5 radians.

From Figure 25 it is easy to

see which values of Kg gave this rotation and what the corresponding accel
erations were.

Matching of the angle of rotation and acceleration solutions

with the physical and geometrical requirements of the aircraft resulted in
the choice of Configuration Trial Number X as the proposed landing gear
configuration.

The author was pleased to note that the proportions of

Number X were quite close to those of a sketch (in the author’s possession)
of a landing gear for a small "Piper” aircraft.
Additional runs were made with Number X in order to determine more
closely the value of Kg which would give a
26).

6

of 0.5 radians (see Figure

A value of Kg = 7000 lb/ft was chosen.

Effect of Small Angle Assumption
For the landing gear Configuration Number X, at 8 - 30° and assuming
the original length of the bungee cord was 16 inches or 1.33 feet, gives
the configuration of Figure 24.

Fig. 24.— Landing Gear in Fully-delfected Position

0 (radians)
Acceleration (g»s)

F ig .

25. - - A n g l e s of Landing G e a r R o tatio n and V e h ic le A c c e le r a tio n s
fo r a 17 - f o o t -p e r - s e c o n d V e r t i c a l Touchdown V e lo c it y fo r
D i f f e r e n t C o n fig u ratio n s and Bungee C o rd S tiffnesses.

F ig . 25. - -C ontinued

Acceleration (g*s)

8 (radians)

6 (radians)
Acceleration (g's)

F i g . 26. - - A n g l e s of Landing G e a r R o tatio n and V e h ic le A c c e le r a tio n s
f o r a 17 - fo o t -p e r - s e c o n d V e r t i c l e Touchdown V e lo c it y fo r
C o n fig u ra tio n N u m b e r X f o r D i f f e r e n t Bungee Cord S tiffnesses.
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Taking a summation of moments about the point of application of R,

3.5 F - (3.5 + 1.66 (.866) + .222 (-^333))»B
2.167

where

B ■ Kna0 cos i - 6000 (.85) — '
,■» 5060 lb.
B
2.18

gives

F ■ 7270 lb.

,

The resultant vertical force acting on the vehicle body is then (7270 - 5060)
pounds or 2210 pounds, and the resulting acceleration is 5.53 g ’s.
The small angle solution for 0 ■» 30° = .523 radians is shown in
Figure 26 where Kg = 6000.

The acceleration is 7 g's, which is 26.6%

higher than the solution obtained by not assuming small angle deflections.
It appears, therefore, that the small-angle-assumption solution gives only
a fair approximation to the exact solution but gives conservative design
results for angles of rotation of 30° or less.

Effect of Rigid-tire Assumption
A qualitative examination of the difference in acceleration between
a system with a tire and one with no tire (or a rigid tire) was made by
analyzing the two systems shown in Figure 27.
The equations of motion for system (b) are

Co ,
%
Flo .
v
Ci.
x" - - _ (y' - x') - _ i ( y - x ) + _ E x + —£ x' + g
m
m
m
m

and

y” ■ -

C

k

(y' - x*) + —
M
M

(y - x) + g

These equations were solved simultaneously on the analog computer and the
maximum acceleration of the large mass was found to be 4.25 g ’s
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W
Ks
Cg
Kt
Ct
g

®
=
=>
■

lb
lb/in
lb-sec/in
lb/in
lb-sec/in
in/sec/sec

-J,

M

I.C.
Kc

200
100
1
100
.5
386

lilCc

x*(o) - -240 - y'(o)
x(o) - y(o) - o

/ / / / ////////
Without Tire
(a)

With Tire
(b)

Fig. 27.--Simplified Model of Parawing Vehicle With and Without Tires

The equation of motion for system (a) is

yt»

+

Ks y

+ g

M

This was solved analytically and the maximum acceleration was found to be
7.85 g's.

So, for the system of Figure 27, addition of a flexible tire

reduced the acceleration by 46%.

Addition of a tire to the parawing vehicle

landing gear will, then, apparently reduce the maximum acceleration consid
erably.

Again, the solution of (B-l) is shown to be conservative in design.

APPENDIX C

FRAME ANALYSIS PROGRAM

FRAME ANALYSIS PROGRAM

Block Diagram of Frame Analysis Program
Start

t

Specify common and dimensions (1)

t

Read title, number of members, number of joints (3)-^----no

t

---------- Is there a problem to solve?

t

yes

t

Read joint coordinates and restraints (37)
Form the K-matrix (50)
Write the joint coordinates (121)

t
Read member properties and direction cosines (131)
t
Sort the members (201)
Calculate member weights and lengths (264)
Write member properties, weight, length, and direction cosines (263)

t

Calculate structural weight and center of gravity coordinates (317)
Write structural weight and center of gravity coordinates (325)
Form reduced stiffness matrix (330)
Check and limit bandwidth (700)

t

Perform Choleski Decomposition (734)
^

Read loading title^and loads (1022)

t

Is there a loading system?

t

yes

t

Form the loading system (1057)
(£)
65

no
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9
Reduce loads and put on tape (1234)

t

Perform Choleski forward substitution (1253)

t
t

Form displacements and put on tape
Perform Choleski backward substitution
*

Expand displacements (1325)

t

Write forces and moments applied (1353)

t

Write displacements and rotations (1372)

t

Write temperatures and distributed loads of members (1415)

t

Calculate axial and shear forces of members (1425)

t

Write axial and shear forces (1505)

I

Form torques and moments (1515)
Write torques and bending moments (1575)

t

----- Write restraint conditions and reactions (1603)
------------------------- -

Note:

t

End

Numbers in parentheses are internal statement numbers
in the vicinity of the indicated operation.
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Dictionary

A(I) - ith stiffness matrix element
AL(I) - coefficient of thermal expansion of the ith member
ALPHA - cosine of the angle between the magnetic field and the x-axis
AR(I) - area of the ith member
B - stiffness matrix element
BETA - cosine of the angle between the magnetic field and the y-axis
D1 - cosine of the angle between the A-axis

and the x-axis

D2 - cosine of the angle between the A-axis

and the y-axis

D3 - cosine of the angle between the A-axis

and the z-axis

DEN(I) - density or unit weight of the member material
DX(I) - cosine of the angle between

the x-axis and the A-axis of the ith member

DY(I) - cosine of the angle between

the y-axis and the A-axis of the ith member

DZ(I) - cosine of the angle between

the z-axis and the A-axis of the ith member

E(I) - forces and moments applied
FACT - number of radians per degree
G(I) - a matrix used for manipulation
GAMMA - cosine of the angle between the magnetic field and the z-axis
HCA - a subroutine for placing elements of the stiffness matrix
11 - joint number
12 - denotes restraint of displacement in the x-direction
13 - denotes restraint of displacement in the y-direction
14 - denotes restraint of displacement in the z-direction
15 - denotes restraint of rotation about the x-axis
16 - denotes restraint of rotation about the y-axis
17 - denotes restraint of rotation about the z-axis
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IP(I) - number of the lower numbered joint of the ith member
IQ(I) - number of the upper numbered joint of the ith member
K(I) - a matrix used for manipulation
KEY(I) - element of the reduced matrix
N - NE - NR

(reduced matrix dimension)

NCE - noncorrective error
NE - number of equations
NJ - number of joints
NM - number of members
NR - number of restraints
S - fixed-end axial force due to a temperature change in a member
TEMP(I) - temperature change in the ith member
TOR(I) - torsional rigidity of the ith member
TOTAL - sum of the weights of the members
TOTAX - x-coordinate of center of gravity
TOTAY - y-coordinate of center of gravity
TOTAZ - z-coordinate of center of gravity
WORD(I) - ith field of the title
WT - weight of the member
XI - x-coordinate of the joint
X2 - y-coordinate of the joint
X3 - z-coordinate of the joint
X(I) - x-coordinate of the ith joint
X1(I) - moment of inertia about the A-axis (ith member)
X2(I) - moment of inertia about the B-axis (ith member)
XI1(I) - moment of inertia about the A-axis
XI2(I) - moment of inertia about the B-axis
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XL - length of the member
XPQ - length of the member projected onto the x-axis
Y(I) - y-coordinate of the 1th joint
YO(I) - Young's modulus of the ith member
YPQ - length of the member projected onto the y-axis
Z(I) - z-coordinate of the ith joint
ZAG - magnitude of the magnetic field in g's
ZPQ - length of the member projected onto the z-axis

This does not constitute a complete list of names used in the program.
Some of the variable names were not listed because they take on different
meanings, as do some of those listed, in different parts of the program.
Many of the variables have no physical or obvious logical significance,
being used for internal manipulation only, and for that reason were not
listed.
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Listing of Frame Analysis Program

COMMON B,J,L2,A
DIMENSION A(10000),AR(340),XI1(340),YO(340),XI2(340),E(450),
1G(450),K(450),KEY(450),IP(340),IQ(340),X(105),Y(105),Z(105),
2AL(340),TEMP(340),DX(340),DY(340),DZ(340),WORD(12),DEN(340),
3DIST(340,3),TOR(340)
1 READ(5,2)(WORD(I),1-1,12)
2 F0RMAT(12A6)
READ(5,23)NM,NJ
NCE-0
IF(NM.LE.O)GO TO 24
FACT-0.01745329
DO 3 1-1,10000
3 A(I)=0.0
NE—6*NJ
WRITE(6,4)(WORD(I),1-1,12)
4 F0RMAT(1H1,23X,12A6)
DO 5 I-l.NE
5 K(I)=1
DO 8 1-1,NJ
READ(5,6)11,X1,X2,X3,12,13,14,15,16,17
6 FORMAT(I5,5X,3E10.0,615)
IF(I1.GT.O)GO TO 7
II— II
X2-X2*FACT
X4—Xl*COS (X2)
X2-X1*SIN (X2)
X1+X4
7 X(I1)=X1
Y(I1)-X2
Z(I1)-X3
11-6*11
IF(12.NE.0)K(Il-5)-0
IF(I3.NE.0)K(Il-4)-0
IF(I4.NE.0)K(Il-3)-0
IF(I5.NE.0)I(Il-2)-0
IF(I6.NE.0)K(Il-l)-0
8 IF(I7.NE.O)K(Il)—0
J-l
DO 9 1-1,NE
IF(K(I).EQ.O)GO TO 9
K(I)-J
J-J+l
9 CONTINUE
NR-NE-J+1
WRITE(6,10)(I,X(I),Y(I),Z(I),I-1,NJ)
10 FORMAT(1HO,1X,5HJOINT,4X,44HX COORDINATE
Y COORDINATE
Z COOR
1DINATE,12X,5HJ0INT,4X,44HX COORDINATE
Y COORDINATE
Z COORDIN
2ATE/(1H0,IX,I4,3F16.3,13X,I4,3F16.3))
ITRS-0
DO 14 I— 1,NM
READ(5,11)IP(I),IQ(I),AR(I),YO(I),DEN(I),AL(I),
1X11(1),XI2(I),TOR(I)

11 FORMAT(2I5,7E10.0)
IF(XI1(I).NE.O.O)GO TO 12
IF(XI2(I).NE.O.O)GO TO 12
GO TO 14
12 READ(5,13)DX(I),DY(I),DZ(I)
13 FORMAT(10X,7E10.0)
ITRS-1
IF(IP(I).GT.O)GO TO 14
IP(1)-»IP(I)
IA=IP(I)
IB-IQ(I)
X4-(X(IA)+X(IB))/2.0
X5-(Y(IA)+Y(IB))/2.0
Xl-X4882+X5**2
IF(X1.LE.O.O)GO TO 14
Xl-SQRT(Xl)
X2=(DX(I)*X4-DY(I)*X5)/XI
X3=(DX(I)*X5+DY(I)*X4)/X1
DX(I)-X2
DY(I)-X3
14 CONTINUE
DO 15 1*1,NM
IF(IP(I).LT.IQ(I))GO TO 15
I1«IP(I)
IP(I)-IQ(I)
IQ(I)=I1
15 CONTINUE
1-1
DO 17 J*1,NJ
DO 17 L*I,NM
IF(IP(L).NE.J)GO TO 17
IF(I.EQ.L)GO TO 16
Il-IP(I)
I2*IQ(I)
X1»AR(I)
X2*YO(I)
X3*XI1(I)
X4*XI2(I)
X5-TOR(I)
X6-DEN(I)
X7*AL(I)
X8*DX(I)
X9-DY(I)
XIO-DZ(I)
IP(I)-IP(L)
IQ(I)-IQ(L)
AR(I)-AR(L)
YO(I)*YO(L)
XI1(I)-XIL(L)
XI2(I)=XI2(L)
TOR(I)-TOR(L)
DEN(I)=DEN(L)
AL(I)*AL(L)
DX(I)=DX(L)
DZ(I)*DZ(L)
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DZ(I)«DZ(L)
IP(L)-I1
IQ(L)-I2
AR(L)«X1
Y0(L)-X2
XIL(L)«X3
XI2(L)«X4
T0R(L)-X5
DEN(L)»X6

AL(L)-X7
DX(L)-X8
DY(L)-X9
DZCL)-X10
16 I-I+l
17 CONTINUE
WRITE(6,18)
18 FORMAT(1HO,IX,6HMEMBER,3X,7HELASTIC,4X,4HAREA,4X,
118HMOMENTS OF INERTIA,3X,9HTORSIONAL,3X,4HUNIT,2X,
212HTHERMAL EXP.,2X,6HLENGTH,3X,6HWEIGHT,4X,
319HDIR. COSINES A AXIS/lH ,10X,7HMODULUS,15X,12HA
AXIS
B,
4 7X,8HRIGIDITY,2X,6HWEIGHT,2X,11HCOEFFICIENT)
TOTAL-O.O
TOTAXoO.O
TOTAY-O.O
TOTAZ-O.O
DO 19 I-1,NM
IA=IP(I)
IB-IQ(I)
XPQ»X(IB)-X(IA)
YPQ»Y(IB)-Y(IA)
ZPQ=Z(IB)-Z(IA)
Xb=SQRT(XPQ*XPQ+YPQ*YPQ+ZPQ*ZPQ)
ARI=AR(I)
YOI=YO(I)
Xl-XIKI)
X2«=X12(I)
TORS-TOR(I)
Dl-DX(I)
D2-DY(I)
D3=DZ(I)
WT-DEN(I)*ARI*XL
TOTAX-TOTAX+WT*(X(IA)+X(IB))
TOTAY-TOTAY+WT*(Y(IA)+Y(IB))
TOTAZ-TOTAZ+WT*(Z(IA)+Z(IB))
TOTAI^TOTAUWT
19 WRITE(6,20)IP(I),IQ(I),YOI,ARI,X1,X2,TORS,DEN(I),
1AL(I),XL,WT,D1,D2,D3
20 F0RMAT(/1H ,I3,I4,E11.3,3F10.4,E11.3,F8.4,E11.3,2F10.4,
11X,3F7.3)
IF(TOTAL.EQ.O.O)GO TO 22
TOTAX-TOTAX/(2.0*TOTAL)
TOTAY-TOTAY/(2.0*TOTAL)
TOTAZ=TOTAZ/(2.0*TOTAL)
WRITE(6,21)TOTAL,TOTAX,TOTAY,TOTAZ
21 FORMAT(1H0,6X,17HSTRUCTURAL WEIGHT,Fl3.4,9X,21HCENTER OF GRAVITY
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1X=,F13.4,5H, Y»,F13.4,5H, Z=,F13.4)
22 N-NE-NR
L1=0
L2-0
DO 26 J=1,N
DO 27 1=1,NM
J7-6*IQ(I)
J6=K(J7)
IF(J6.EQ.O)GO TO 25
IF(J6.LT.J)GO TO 27
25 I7=6*1P(I)
Il=K(I7-5)
IF(Il.GT.J)GO TO 29
Jl=K(J7-5)
J2=K(J7-4)
J3=K(J7-3)
J4=K(J7-2)
J5«K(J7-1)
I2»K(l7-4)
I3=K(I7-3)
I4=K(I7-2)
I5=K(I7-l)
I6=K(I7)
IF(J.EQ.I6)GO TO 28
IF(J.EQ.I5)GO TO 28
IF(J.EQ.I4)GO TO 28
IF(J.EQ.I3)GO TO 28
IF(J.EQ.I2)GO TO 28
IF(J.EQ.Il)GO TO 28
IF(J.EQ.J6)GO TO 28
IF(J.EQ.J5)GO TO 28
IF(J.EQ.J4)GO TO 28
IF(J.EQ.J3)GO TO 28
IF(J.EQ.J2)GO TO 28
IF(J.EQ.Jl)GO TO 28
GO TO 27
28 IA=IP(I)
IB=IQ(I)
XPQ=X(IB)-X(IA)
YPQ=Y(IB)-Y(IA)
ZPQ=Z(IB)-Z(IA)
XI/=SQRT (XPQ*XPQ+YPQ*YPQ+ZPQ*ZPQ)
ARI»AR(I)
YOI=YO(I)
X1=XI1(I)
X2=XI2(I)
TORS=TOR(I)
D1»DX(I)
D2=DY(I)
D3=DZ(I)
XPQ=XPQ/XL
YPQ=YPQ/XL
ZPQ-ZPQ/XL
DXX=D2*ZPQ-D3*YPQ
DYY=D3*XPQ-D1*ZPQ
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DZZ«D1*YPQ-D2*XPQ
ZZ= Y0I/XL**3
B--ZZ*(XPQ*XPQ*XL*XL*ARI+12.0*X2*D1*D1+12.0*X1*DXX*DXX)
CALL HCA(I1,J1)
B— B
CALL HCA(I1,I1)
CALL HCA(Jl.Jl)
B-1ZZ*(YPQ*Y PQ*XL*XL*ARI+12.0*X2*D2*D2+12.0*X1*DYY*DYY)
CALL HCA(I2,J2)
B— B
CALL HCA(I2,I2)
CALL HCA(J2,J2)
B=-ZZ*(Z PQ*ZPQ*XL*XL*ARI+12.0*X2*D3*D3+12.0*X1*DZZ*DZZ)
CALL HCA(I3,J3)
B=-B
CALL HCA(I3,13)
CALL HCA(J3,J3)
B— ZZ*(XPQ*YPQ*XL*XL*ARI+12.0*X2*D1*D2+12.0*X1*DXX*DYY)
CALL HCA(I1,J2)
CALL HCA(I2,J1)
B— B
CALL HCA(Il,I2)
CALL HCA(J1,J2)
B=-ZZ*(XPQ*Z PQ*XL*XL*ARI+12.0*X2*D1*D3+12.0*X1*DXX*DZZ)
CALL HCA(I1,J3)
CALL HCA(I3,J1)
B=-B
CALL HCA(I1,13)
CALL HCA(J1,J3)
B=-ZZ*(YPQ*Z PQ*XL*XL*ARI+12.0*X2*D2*D3+12.0*X1*DYY*DZZ)
CALL HCA(I2,J3)
CALL HCA(I3,J2)
B— B
CALL HCA(I2,I3)
CALL HCA(J2,J3)
IF(ITRS.EQ.) GO TO 27
B--ZZ*XL*6.0*D1*DXX*(X2-XI)
CALL HCA(I1,J4)
CALL HCA(I1,14)
B=-B
CALL HCA(I4,J1)
CALL HCA(J1,J4)
B— ZZ*XL*6.0*D2*DYY*(X2-X1)
CALL HCA(I2,J5)
CALL HCA(I2,I5)
B— B
CALL HCA(I5,J2)
CALL HCA(J2,J5)
B«-ZZ*XL*6.0*D3*DZZ*(X2-X1)
CALL HCA(I3,J6)
CALL HCA(I3,I6)
B— B
CALL HCA(I6,J3)
CALL HCA(J3,J6)
B=-ZZ*XL*6.0*(D1*DYY*X2-DXX*D2*X1)
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CALL HCA(I1,J5)
CALL HCA(I1,15)
B— B
CALL HCA(15,J1)
CALL HCA(J1,J5)
B--ZZ*XL*6.0*(D2*DXX*X2-DYY*D1*X1)
CALL HCA(12,J4)
CALL HCA(12,14)
B— B
CALL HCA(I4,J2)
CALL HCA(J2,J4)
B— ZZ*XL*6.0*(D1*DZZ*X2-DXX*D3*X1)
CALL HCA(I1,J6)
CALL HCA(I1,16)
B— B
CALL HCA(I6,J1)
CALL HCA(J1,J6)
B— ZZ*XL*6.0*(D3*DXX*X2-DZZ*D1*X1)
CALL HCA(I3,J4)
CALL HCA(I3,I4)
B— B
CALL HCA(I4,J3)
CALL HCA(J3,J4)
B— ZZ*XL*6.0*(D2*DZZ*X2-DYY*D3*X1)
CALL HCA(I2,J6)
CALL HCA(I2,I6)
B— B
CALL HCA(I6,J2)
CALL HCA(J2,J60
B=-ZZ*XL*6.0*(D3*DYY*X2-DZZ*D2*X1)
CALL HCA(13,J5)
CALL HCA(I3,I5)
B— B
CALL HCA(I5,J3)
CALL HCA(J3,J5)
ZZ1-2.0*YOI*X1/XL
ZZ2=2.0*YOI*X2/XL
ZZ3-TORS/XL
Bl— XPQ*XPQ*ZZ3
C-D1*D1*ZZ1
D=DXX*DXX*ZZ2
B-Bl+C+D
CALL HCA(I4,J4)
B=-B1+2.0*(C+D)
CALL HCA(14,14)
CALL HCA(J4,J4)
t, B1«-XPQ*YPQ*ZZ3
C-D1*D2*ZZ1
D-DXX*DYY*ZZ2
B-Bl+C+D
CALL HCA(I4,J5)
CALL HCA(I5,J4)
B^-Bl+2 »0*(C+D)
CALL HCA(I4,I5)
CALL HCA(J4,J5)
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B1--XPQ*ZPQ*ZZ3
C=D1*D3*ZZ1
D«DXX*DZZ*ZZ2
B-Bl+C+D
CALL HCA(I4,J6)
CALL HCA(I6,J4)
B— B1+2.0*(C+D)
CALL HCA(I4,I6)
CALL HCA(J4,J6)
Bl— '
YPQ*YPQ*ZZ3
C-D2*D2*ZZ1
D=DYY*DYY*ZZ2
B-Bl+C+D
CALL HCA(I5,J5)
B— B1+2.0*(C+D)
CALL HCA(I5,15)
CALL HCA(J5,J5)
Bl— ZPQ*ZPQ*ZZ3
C-D3*D3*ZZ1
D-DZZ*DZZ*ZZ2
B=B1+C+D
CALL HCA(I6,J6)
B— B1+2.0*(C+D)
CALL HCA(I6,I6)
CALL HCA(J6,J6)
Bl— YPQ*ZPQ*ZZ3
C=D2*D3*ZZ1
D-DYY*DZZ*ZZ2
B«=B1+C+D
CALL HCA(I5,J6)
CALL HCA(I6,J5)
B— B1+2.0*(C+D)
CALL HCA(I5,I6)
CALL HCA(J5,J6)
27 CONTINUE
29 L3«=L2+1
L4=L3+N-J
DO 30 I=L3,L4
J3-L3+L4-I
IF(A(J3).NE.0.0) GO TO 31
30 CONTINUE
31 J3-J3-L3+1
L4-J3+L2
IF(L1.LE.J3) GO TO 32
L4-L2+1
J3-L1
32 L2-L4
L1-J3-1
IF(L2.LT.12000) GO TO 26
WRITE(6,33)L2,J,N
33 FORMAT(1HO/1H , 10X,30HSTIFFNESS MATRIX IS TOO LARGE.,16,38H LOCAT
HON S HAVE BEEN REQUIRED TO WRITE,14,7H OF THE,I4,6H ROWS.)
GO TO 24
26 KEY(J)-L2
WRITE(6,34)KEY(N)
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34 FORMAT(/lH ,33X,29HTHE STIFFNESS MATRIX REQUIRES,I6,18H STORAGE LO
1CATIONS//)
1-1
DO 35 J=1,N
IF(A(I).GT.0.0) GO TO 36
WRITE(6,37)J
37 F0RMAT(1H ,10X,35HCHOLESKI DECOMPOSITION FAILS IN THE,I4,4H ROW)
GO TO 24
36 A(I)=SQRT(A(I))
DIAG=A(I)
1= 1+1
M-KEY(J)
IF(I.GT.M) GO TO 35
DO 38 L=I ,M
38 A(L)=A(L)/DIAG
Il-J+1
I2=Il+M-2
If(J.NE.I) I2=I2-KEY(J-1)
DO 39 L=I1,I2
IF(AI).EQ.O.O) GO TO 39
AA=A(I)
I3-KEY(L-1)+1
DO 40 14=I,M
A(I3)=A(I3)-AA*A(I4)
40 13=13+1
39 1=1+1
35 I=M+1
IZZ=0
41 DO 42 1=1,NE
E(I)=0.0
42 G(I)=0.0
DO 43 1=1,NM
TEMP(I)=0.0
DIST(I,1)=0.0
DIST(I,2)=0.0
43 DIST(I,3)=0.0
MAG=0.0
ALPHA=0.0
BET-0.0
GAMMA-0.0
IT=0
ID=0
READ(5,2)(WORD(I),1=1,12)
IZ=0
44 READ(5,23)11,IZZ,13,I4,Z1,Z2,Z3,Z4,Z5,Z6
23 FORMAT(4I5,6E10.0)
IF(Il.GT.O) GO TO 45
IF(IZ.EQ.O) GO TO 1
GO TO 46
45 IZ=1
11= 11+1
GO TO (46,47,48,49,50),II
47 DO 51 1=1,NM
IA=IP(I)
IB=IQ(I)
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52

51
48

53

49

54
55

XPQ=X(IB)-X(IA)
YPQ=Y(IB)-Y(IA)
ZPQ«Z(IB)-Z(IA)
XD* SQRT(XPQ*XPQ+Z PQ*Z PQ+Y PQ*Y PQ)
S»AR<I)*DEN(I)*0.5*XL*Z1
T=S/6.0
ZAG-Z1
ALPHA-Z2
BET-Z3
GAMMA-Z4
I6=6*IP(I)
J6=6*IQ(I)
E(I6-5)=E('I6-5)+S*Z2
E(I6-4)=E(I6-4)+S*Z3
E(I6-3)=E(I6-3)+S*Z4
E(I6-2)=E(I6-2)-T*(Z3*ZPQ-Z4*YPQ)
E(I6-l)=E(I6-l)-T*(ZA*XPQ-Z2*ZPQ)
E(I6)=E(I6)-T*(Z2*YPQ-Z3*XPQ)
E(J6-5)»E(J6-5)+S*Z2
E(J6-4)«E(J6-4)+S*Z3
E(J6-3)=E(J6-3)+S*Z4
E(J6-2)=E(J6-2)-T*(Z4*YPQ-Z3*ZPQ)
E(J6-l)«E(J6-l)-T*(Z2*ZPQ-Z4*XPQ)
E(J6)»E(J6)+T*(Z2*YPQ-Z3*XPQ)
IF(I1.EQ.4) GO TO 44
GO TO 44
IF(I3.GT.O) GO TO 53
13— 13
Xl=X(I3)**2+y(I3)**2
IF(Xl.LE.O.O) GO TO 44
Xl-SQRT(Xl)
X2=(Z1*X(I3)-Z2*Y(I3))/X1
X3=(Z1*Y(I3)+Z2*X(I3))/X1
Z1-X2
Z2-X3
X2=(Z4*X(I3)-Z5*Y(I3))/X1
X3=(Z4*Y(I3)+Z5*X(I3))/X 1
Z4=X2
Z5-X3
16=6*13
E(I6)=E(I6)+Z6
E(I6-1)=E(I6-1)+Z5
E(I6-2)=E(I6-2)+Z4
E(I6-3)=E(I6-3)+Z3
E(I6-4)=E(I6-4)+Z2
E(I6-5)=E(I6-5)+Zl
GO TO 44
DO 54 1=1,NM
IF(I3.NE.IP(I))G0 TO 54
IF(I4.NE.IQ(I))GO TO 54
GO TO 55
CONTINUE
Z4=Z3
Z3=Z2
Z2-Z1
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50

56

46

58

IA-IP(I)
IB=IQ(I)
XPQ=X(IB)-X(IA)
YPQ»Y(IB)-Y(IA)
ZPQ=Z(IB) -Z( IA)
Xb-S QRT(XPQ*XPQ+Y PQ*Y PQ+ZPQ*Z PQ)
S=XL*0.5
T-S/6.0
DIST(I,1)=Z2
DIST(I,2)=Z3
DIST(I,3)=Z4
ID=1
I6=6*IP(I)
J6=6*IQ(I)
GO TO 52
DO 56 1=1,NM
IF(I3.NE.IP(I))G0 TO 56
IF(I4.NE.IQ(I))G0 TO 56
GO TO 57
CONTINUE
IA=IP(I)
IB=IQ(I)
XPQ=X(IB)-X(IA)
YPQ=Y(IB)-Y(IA)
ZPQ=Z(IB)-Z(IA)
X b» SQRT(X PQ*X PQ+Y PQ*Y PQ+Z PQ*Z PQ)
S=AR(I)*YO(I)*AL(I)*Zl/XL
SX=S*XPQ
SY=S*YPQ
SZ=S*ZPQ
TEHP(I)=Z1
IT=1
19=6*13
E(I9-5)=E(I9-5)-SX
E(I9-4)=E(I9-4)-SY
E(I9-3)=EI9“3)-SZ
19=6*14
E(I9-5)=E(I9-5)+SX
E(I9-4)=E(I9-4)+SY
E(I9-3)=E(I9-3)+SZ
GO TO 44
11=1
DO 58 1=1,NE
IF(K(I).EQ.O) GO TO 58
G(I1)»E(I)
Il-Il+l
CONTINUE
WRITE(l) (G(I),1=1,N)
1-1
DO 60 L=1,N
G(L)-G(L)/A(I)
Il-L+1
I2=KEY(L)
IF(L.NE.l) I2=I2-KEY(L-l)
12=12+11-2
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1=1+1
IF(I1.GT.I2) GO TO 60
GG=G(L)
DO 59 J=I1,I2
G(J)=G(J)-GG*A(I)
59 1=1+1
60 CONTINUE
I-KEY(N)
DO 61 L4=1,N
L-N+1-L4
G(L)=G(L)/A(I)
IF(L.EQ.l) GO TO 61
1=1-1
I2=L-1
Il=KEY(I2)-2+l
IF(L.NE.2) I1=I1-KEY(I2-1)
IF(L.GT.Il) GO TO 61
DO 62 M4=L,I1
M=L+I1-M4
G(I2)=G(I2)-A(I)*G(M)
62 1=1-1
61 CONTINUE
WRITE(l)(G(I),1=1,N)
DO 64 12=1,NE
I=1+NE-I2
IF(K(I).EQ.O) GO TO 63
IA=K(I)
G(I)=G(IA)
GO TO 64
63 G(I)=0.0
54 CONTINUE
WRITE(6,4)(WORD(I),1=1,12)
WRITE(6,65)
65 FORMAT(1HO,46X,27HL O A D I N G
S Y S T E M/lHo,5X,5HJOINT,9X,4l
1HFORCES
A P P L I E D
IN
T H E,9X,49HM O M E N T S
A
2 P P L I E D
A B O U T
T H E/lHO,17X,11HX DIRECTION,6X,11HY DI
3RECTION,6X,11HZ DIRECTION,12X,6HX AXIS,11X,6HY AXIS,11X,6HZ AXIS)
DO 66 1=1,NJ
16=6*1
15=16-5
66 WRITE(6,67)1,(E(I1),11=15,16)
67 FORMAT(1H ,5X,I3,3X,3E17.4,3X,3E17.4)
DO 68 1=1,NE
68 E(I)=-E(I)
WRITE(6,69)
69 FORMAT(1HO
,22X,39HD I S P L A C E M E N T S
IN
THE,
115X,37HR O T A T I O N S
A B O U T
T H E/lHO,17X,11HX DIRECTIO
2N,6X,11HY DIRECTION,6X,11HZ DIRECTION,12X,6HX AXIS,11X,6HY AXIS,
311X,6HZ AXIS)
DO 70 I-1,NJ
16=6*1
15=16-5
70 WRITE(6,67)1,(G(I1),11=15,16)
IF(IZZ.EQ.l) GO TO 41
IF(IT.EQ.l) GO TO 71
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IF(ID.NE.l) GO TO 75
71 WRITE(6,72)
72 FORMAT(1H0,18X,6HMEMBER,9X,11HTEMPERATURE,15X,34HUNIFORM DISTRIBUT
1ED LOADING IN THE/lH0,55X,11HX DIRECTION,6X,11HY DIRECTION,
26X,11HZ DIRECTION)
DO 73 1=1,NM
73 WRITE(6,74)IP(I),IQ(I),TEMP(I),DIST(I,1),DIST(I,2),DIST(I,3)
74 FORMAT(1H ,15X,2I4,4X,F14.4,8X,F14.4,3X,F14.4,3X,F14.4)
75 WRITE(6,76)
76 FORMAT(1H0,5X,6HMEMBER,1OX,21HA X I A L
F 0 R C E,8X,69HS H E A
1R
F O R C E
IN
THE
D I R E C T I O N
OF
T H E/lHO,
263X,14HA
A X I S,20X,14HB
A X I S/lH0,5X,4HI J,12X,
35HI END,11X,5HJ END,15X,5HI END,11X,5HJ END,l3X,5HI END,11X,5HJ EN
4D)
DO 77 1=1,NM
I6=6*IP(I)
15=16-1
14=15-1
13=14-1
12=13-1
11= 12-1

J6=6*IQ(I)
J5=J6-1
J4=J5-1
J3=J4-1
J2-J3-1
J1-J2-1
IA=IP(I)
IB=IQ(I)
XPQ=X(IB)-X(IA)
YPQ=Y(IB)-Y(IA)
ZPQ=Z(IB)-Z(IA)
XL= SQRT(XPQ*XPQ+Y PQ*YPQ+Z PQ*ZPQ)
DXX=(DY(I)*ZPQ-DZ(I)*YPQ)/XL
DYY=(DZ(I)*XPQ-DX(I)*ZPQ)/XL
DZZ=(DX(I)*YPQ-DY(I)*XPQ)/XL
U=G(J1)-G(I1)
V=G(J2)-G(I2)
W=G(J3)-G(I3)
UR=G(J4)+G(I4)
VR=G(J5)+G(I5)
WR»G(J6)+G(I6)
Z1=AR(I)*YO(I)*(U*XPQ+V*YPQ+W*ZPQ)/(XL*XL)
Z2=Z1
Z 3 = - 6 . 0*Y O ( I ) * X I 2 ( I ) * (DXX*UR+DYY*VR+DZZ*WR+( 2 . 0 /X L ) * (U *D X ( I ) + V*DY(

1 I )+ W * D Z ( I ) ) ) /( X L * X L )
Z4=Z3
Z5»6.0*YO(I)*XI1(I)*(DX(I)*UR+DY(I)*VR+DZ(I)*WR-(2.0/XL)*(U*DXX+V*
1DYY+W*DZZ))/(XL*XL)
Z6=Z5
E(Il)=E(Il)-Zl*XPQ/XLfZ3*DX(I)+Z5*DXX
E(J 1)=E(J1)+Z1*XPQ/XL-Z3*DX(I)-Z5*DXX
E(I2)=E(I2)-Z1*YPQ/X]>Z3*DY(I)+Z5*DYY
E(J2)=E(J2)+Z1*YPQ/XL-Z3*DY(I)-Z5*DYY
E(I3)=E(I3)-Z1*ZPQ/X]>Z3*DZ(I)+Z5*DZZ
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E(J3)=E(J3)+Z1*ZPQ/XL-Z3*DZ(I)-Z5*DZZ
Zl=Zl-AR(I)*YO(I)*AL(I)*TEMP(I)+0.5*(DIST(I,l)*XPQ+DIST(I,2)*YPQ+D
11 ST( 1,3)*ZPQ+AR(I)*DEN(I)*ZAG*(ALPHA*XPQ+BET*YPQ+GAMMA*ZPQ))
Z2=Z2-AR(I)*YO(I)*AL(I)*TEMP(I)-0.5*(DIST(I,1)*XPQ+DIST(I,2)*YPQ+D
11ST(1,3)*Z PQ+AR(I)*DEN(I)*ZAG*(ALPHA*XPQ+BET*YPQ+GAMMA*ZPQ))
Z7=0.5*XL*(DIST(I,l)*DX(I)+DIST(I,2)*DY(I)+DIST(I,3)*DZ(I)+AR(I)*D
1EN(I)*ZAG*(ALPHA*DX(I)+BET*DY(I)+GAMMA*DZ(I)))
Z3-Z3-Z7
Z4-Z4+Z7
Z7=0.5*XL*(DIST(I,l)*DXX+DIST(I,2)*DYY+DIST(I,3)*DZZ+AR(I)*DEN(I)*
1ZAG*(ALPHA*DXX+BET*DYY+GAMMA*DZZ)
Z5=Z5-Z7
Z6=Z6+Z7
77 WRITE(6,78)IP(I),IQ(I),Z1,Z2,Z3,Z4,Z5,Z6
78 FORMAT(1H ,4X,2I3,1X,2E17.4,2X,4E17.4)
IF(ITRS.EQ.O) GO TO 79
WRITE(6,80)
80 FORMAT(1H0,5X,6HMEMBER,15X,11HT 0 R Q U E,22X,47HB E N D I N G
M
1 0 M E N T
A B O U T
T H E/lHO,63X.14HA
A X I S,20X,
214FB
A X I S/1H0,5X,4HI J,48X,5HI END,11X,5HJ END.I3X,
35HI END,11X,5HJ END)
DO 81 1=1,NM
I6=6*IP(I)
15=16-1
14=15-1
13=14-1
12=13-1
11=12-1
J6=6*IQ(I) s
J5=J6-1
J4=J5-1
J3=J4-1
J2=J3-1
J1=J2-1
IA=IP(I)
IB=IQ(I)
XPQ=X(IB)-X(IA)

YPQ=Y(IB)-Y(IA)
ZPQ=Z(IB)-Z(IA)
XD= SQRT(XPQ*XPQ+YPQ*YPQ+Z PQ*Z PQ)
DXX=(DY( I ) *ZP Q-D Z( I ) * Y P Q ) / X L
DYY=(DZ(I)*XPQ-DX(I)*ZPQ)/XL
DZZ=(DX( I ) * Y P Q - D Y ( I ) * X P Q ) / X L
U = G (Jl)-G (Il)
V=G(J2)-G(I2)
W=G(J3)-G(I3)
UR=G(J4)+2.0*G(I4)
VR=G(J5)+2.0*G(I5)
WR=G(J6)+2.0*G(16)
Zl=TOR(I)*(XPQ*(G(J4)-G(I4))+YPQ*(G(J5)-G(I5))+ZPQ*(G(J6)-G(I6)))/
1(XL*XL)
Z 2=2.0*YO(I)*XI1(I)*(DX(I)*UR+DY(I)*VR+DZ(I)*WR-3.0*(DXX*U+DYY*V+D
1ZZ*U)/XL)/XL
Z4=2.0*YO(I)*XI2(I)*(DXX*UR+DYY*VR+DZZ*WR+3.0*(DX(I)*U+DY(I)*V+DZ(
1I)*W)/XL)/XL
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UR=G(J4)+G(14)
VR=G(J5)+G(I5)
WR=G(J6)+G(I6)
Z3=Z2-6.0*YO(I)*XI1(I)*(DX(I)*UR+DY(I)*VR+DZ(I)*MR-(2.0/XL)*(U*DXX
1+V*DYY+W*DZZ))/XL
Z5=Z4-6.0*YO(I)*XI2(I)*(DXX*UR+DYY*VR+DZZ*WR+(2.O/XL)* (U*DX(I)+V*D
1Y (I)+W*DZ(I)))/XL
E(I4)=E(I4)-Z1*XPQ/XL+Z2*DX(I)+Z4*DXX
E(J4)=E(J4)+Z1*XPQ/XL-Z3*DX(I)-Z5*DXX
E(I5)*=E(I5) -Z1*YPQ/XJ>Z2*DY (I)+Z4*DYY
E(J5)=E(J5)+Z1*YPQ/XL-Z3*DY(I)-Z5*DYY
E (16)=E(16)-Z1*ZPQ/X1>Z2*DZ(I)+Z4*DZZ
E(J6)=E(J6)+Z1*ZPQ/XL-Z3*DZ(I)-Z5*DZZ
Z7= - ( D I S T ( I , l)*(Z P Q *D Y (I)-Y P Q *D Z (I))+ D IS T (I,2)*(X P Q *D Z (I)-Z P Q *D X
1 (I))+D IST (I,3)*(Y PQ *D X (I)-X PQ *D Y (I))+A R (I)*D EN (I)*ZA G *(A LPH A *(ZPQ *
2DY( I ) -YPQ*DZ( I ) )+BET*(XPQ*DZ(I) -ZPQ*DX(I) )+GAMMA*(YPQ*DX(I) -XPQ*DY
3 ( I ) ) ) ) * X L / 1 2 .0
Z3=Z3+Z7
Z2=Z2+Z7
Z7«= -(D IS T (I,l)*(Z P Q *D Y Y -Y PQ*DZZ) +DIST( 1 , 2 ) * (XPQ*DZZ-Z PQ*DXX)+DIS
1T(1,3)*(YPQ*DXX-XPQ*DYY)+AR(I)*DEN(I)*ZAG*(ALPHA*(ZPQ*DYY-YPQ*DZZ)
2+ BET*( XPQ*DZZ-Z PQ*DXX)+GAMMA*( YPQ*DXX-X PQ*DYY) ) ) *X L /1 2 .0
Z4=Z4+Z7
Z5=Z5+Z7
81 WRITE(6,82)IP(I),IQ(I),Z1,Z2,Z3,Z4,Z5
82 F0R1-1AT(1H ,4X,2I3,15X,E12.4,10X,4E17.4)
79 WRITE(6,83)
83 FORMAT(1HO,26X,12HJOINT NUMBER,7X,19HRESTRAINT CONDITION,12X,
18HREACTION)
Il=6*NJ-5
DO 84 1=1,11,6
I3=(I+5)/6
IF(K(I).EQ.O) WRITE(6,85)13,E(I)
12=1+1
IF(K(I2).EQ.0)WRITE(6,86)I3,E(I2)
12=12+1
IF(K(I2).EQ.0)WRITE(6,87)I3,E(I2)
IF (ITRS.EQ.O)GO TO 84

12= 12+1
IF(K(I2).EQ.0)WRITE(6,88)13,E(I2)

84
85
86
87
88
89
90
24

12= 12+1
IF(K(I2).EQ.0)WRITE(6,89)13,E(I2)
12=12+1
IF(K(I2).EQ.0)WRITE(6,90)I3,E(I2)
CONTINUE
FORMAT(1H ,31X,I3,5X,31HDISPLACEMENT IN THE X DIRECTION,4X,E12.4)
FORMAT(1H ,31X,I3,5X,31HDISPLACEMENT IN THE Y DIRECTION,4X,E12.4)
FORMAT(1H ,3lX,I3,5X,3lHDISPLACEMENT IN THE Z DIRECTION,4X,E12.4)
FORMAT(1H ,31X,13,5X,25HROTATION ABOUT THE X AXIS,10X,E12.4)
FORMAT(1H ,3lX,I3,5X,25HROTATION ABOUT THE Y AXIS,10X,E12.4)
FORMAT(1H ,3lX,I3,5X,25HROTATION ABOUT THE Z AXIS,10X,E12.4)
GO TO 41
CONTINUE
END

2

I

SUBROUTINE HCA(K1,K2)
COMMON B,J,L2,A
DIMENSION A(10000)
IF(B.EQ.O.O) GO TO 1
IF(Kl.NE.J) GO TO 2
IF(K2.LT.K1) GO TO 1
L4-L2+1+K2-K1
A(L4)-A(L4)+B
GO TO 1
IF(K2.NE.J) GO TO 1
IF(K1.LE.K2) GO TO 1
L£=L2+1+K1-K2
A(IA)=A(L4)+B
RETURN
END

APPENDIX D

INSTRUCTIONS FOR USING THE FRAME ANALYSIS PROGRAM

INSTRUCTIONS FOR USING THE FRAME ANALYSIS PROGRAM

It is not necessary for the user to understand the theory of the
program in order to use it.

By simply following the instructions given in

this appendix, the user can make up the data deck.

The output is self-

explanatory and nothing will be said concerning its interpretation.

A

sample problem, including the output and a printout of the data deck
follows this discussion of the data input.

The data input will be dis

cussed in the order in which the data would appear in the data deck.
The first card in the data deck is a title card for the problem
being submitted.

The title should begin somewhere after the first column

on the card and end before column 73.
The second card contains the number of members and the number of
joints written in integral form.

The number of members is written in

the first field and the number of joints, in the second field.

The first

field includes columns 1 through 5 and the second includes columns 6
through 10.

The last character of each integral number should be in the

last column of the field.
The next cards contain the joint numbers, coordinates, and restraints.
There is one card for each joint.

The joint number goes in the first field

(columns 1 - 5) in integral form.

The x, y, and z coordinates go into

fields 2 (columns 11 - 20, 3 (columns 21 - 30), and 4 (columns 31 - 40) in
decimal or exponential form.
integer

1

Restraints are effected by placing the

in the proper columns:

for restraining x-displacement, use

column 45; for y-displacement, column 50; for z-displacement, column 55;
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for rotation about the x-axis, column 60; for rotation about the y-axis,
column 65; and for rotation about the z-axis, column 70.
The next cards contain the member properties; one card for each
member.

Each member is specified by stating the joint number at each end

of the member.

The numerical order is unimportant.

one end goes in field 1 (columns 1 - 5 )

The joint number of

and the joint number of the other

end goes in field 2 (columns 6 - 10) in integral form.

The cross-sectional

area of the member goes in field 3 (columns 11 - 20); the elastic modulus
in field 4 (columns 21 - 30); the unit weight* in field 5 (columns 31 - 40),
the coefficient of thermal expansion in field 6 (columns 41 - 50); the
moment of inertia about the A-axis in field 7 (columns 51 - 60; the moment
of inertia about the B-axis in field 8 (columns 61 - 70); and the torsional
rigidity in field 9 (columns 71 - 80).

These member properties may be ex

pressed in either decimal or exponential form and should be in units
consistent with the rest of the data.
The A and B-axes in the preceding

paragraph are two orthogonal axes

passing through the centroid of the cross-sectional area.
If the moment of inertia about either the A or B-axis is non-zero,
the next card contains the direction cosines of the A-axis.

If both

moments of inertia are zero, the direction cosine card is omitted.
direction cosines are placed on the card as follows:

The

the cosine of the

angle between the A-axis and the x-axis goes in field 1 (columns 11 - 20);
for the y-axis, field 2 (columns 21 - 30); and for the z-axis, field 3
(columns 31 - 40).

The direction cosines should be expressed in decimal

form.
This completes the input of the frame configuration and the member
properties.

The next card contains the title for the loading system.

*Weight per unit volume

88

After the loading title card there is a card fpr each load applied
to the structure.

There are four types of loads which may be applied:

Type 1— Dead weight load; Type 2--Concentrated forces and moments; Type 3-Distributed loads; and Type 4--Temperature-induced loads.

These load cards

may be placed in any order in the data deck.
For a dead weight load the integer
card.

1

goes in column 5 of the load

The loading field strength is given in field 5 (columns 21 - 30) in

g's and the direction cosines of the loading field direction are given in
fields 6 (columns 31 - 40), 7 (columns 41 - 50), and 8 (columns 51 - 60).
For a concentrated force or moment the integer

2

goes in column 5.

The number of the joint, at which the force or moment is applied, goes in
field 3 (columns 11 - 15) and the magnitude of the force or moment goes
into one of the following fields as follows:

field 5 (columns 21 - 30) for

a force in the x-direction; field 6 (columns 31 - 40) for a force in the
y-direction; field 7 (columns 41 - 50) for a force in the z-direction;
field 8 (columns 51 - 60 for a moment about the x-axis; field 9 (columns
61 - 70) for a moment about the y-axis; and field 10 (columns 71 - 80) for
a moment about the z-axis.
For a distributed load the integer

3

goes in column 5.

The number

of the lower numbered joint goes in field 3 (columns 11 - 15) and the number
of the higher numbered joint goes in field 4 (columns 16 - 20).

The sign

and magnitude of the distributed load, in the appropriate units such as
lb/ft«, goes in field 5 (columns 21 - 30) for the x-component, field 6
(columns 31 - 40) for the y-component, and field 7 (columns 41 - 50) for
the z-component.
For a temperature loading the integer

4

goes in column 5.

The

number of the lower numbered joint of the member goes in field 3 (columns
11 - 15) and the number of the higher numbered joint of the member goes

89

in field 4 (columns 16 - 20).

The magnitude and sign of the temperature

change in the member goes in field 5 (columns 21 - 30).
As many load cards as desired may be put in together and these
constitute one loading system.

To signify the end of a loading system,

place one blank card after the last load card.

If a solution is desired

for another loading system, the blank card is followed by another loading
title card and then another loading system.

As many loading systems as

desired may be placed behind the first loading system in the same manner.
When no more loading systems are to be put in the deck, the last
load card is followed by three blank cards.

If another problem is to

be run, the three blank cards are followed by the new problem title card,
the new number-of-members-number-of-joints card, etc.

As many problems

as desired may be run at one processing by placing three blank cards
between problems.

If there are no more problems, add two more blank cards

to the three blank cards at the back of the deck and the computer will
stop.

90

Sample Problem

The following sample problem is provided as an aid to learning to
use the Frame Analysis Program.

For the structure and loads shown in

Figure 28, the data is prepared as shown in the listing.

The output follows

the listing and is self-explanatory.

Members 1-2, 4-7, 3-5, 6-8, 3-4, 2-3, and 2-4 are frame members.
Members 3-6 and 4-6 are truss members.
Area of all members is 1 square inch.
Area moment of inertia for frame members is 0.1.
The torsional rigidity for frame members is 10.0.
Young's Modulus is 30 x 10^.
Unit weight of members is 0.284.
Coefficient of thermal expansion is 0.01.
Temperature change in member 3-6 is 10°F.
Acceleration is 2 g's.

200 lb
200 lb
*-200 lb
10 lb/in
(-25,25,0)

1000 in-lb
100 in-lb
*<z
M

<°-25-°>

Fig. 28.— Sample Problem - Structure and Load System

(-25,25,10)
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Input

A

P

o

7
A

ft
7
n
1
7

1
1
1
1
1
1
1

c
c
c

•a
A
A

CAMDLF PROOI.FM '-'ITU ALL TYprr, nF i onnc,— FRAMF AMO TRIJ
A
on.n
00.0
nn.o
1
1
1
1
0 0,0
00.0
10,0
-75.0
00. n
1O.n
1
"o#n
? 5 .0
10, o
1
- 7 5 .o
00.0
1
1
1
1
-75.0
2 5,0
10.0
1
on. o
7^.0
no , o
1
1
1
1
-75.0
00.0
75.0
1
1
1
1
?
1.0
7+7
• 78A
.0]
.1
1.0
7
1.0
7+7
•28A
.01
•1
1.0
l.o
A
">+ 7
.284
.01
.1
1.0
A
1.0
7+ 7
.28A
.01
.1
-.707
.707
5
1.0
7+ 7
.284
.01
.1
1.0
1.0
7+ 7
• 78 A
.01
6
1.0
7 +7
.28 A
.01
7
1.0
7+7
,78 A
•n l
.1

10.

1".
n.
10

."

10.0

ft

10.0

1.0

7+ 7

1.0

•78 A

.Ol

1.0
1.0AO INO SY?TF»
’

7
A

200.0

5

A
7
7
7
6
7

o

i

700.

A

7

•
-1.0
S t

?.o
^

ft

■>

1 0 .0

•1

200.0
7

£
4
8
6

- 1 oon.o
Ic

-2".P
“ 1O.n
10.0

15 H>

Output

SAMPLE PROBLEM WITH ALL TYPFS nF LOADS — FRAME AND TRUSS
JOINT

X COORDINATE

1

Y COORDINATE

0.00 0

7 COORDINATE

A

0.00 0

25.non

[n .n n n

25.000

10 .7 0 0

5

-25.000

0.0 0 0

0.0 0 0

75.000

0.0 0 0

AREA

1T . ' i n n

0.000

10.000

0.0 0 0

7 m P R fM M A T r

0.00 0

0.0 0 0

ELASTIC
MIDULUS

Y COORDINATE

7

-25.000

7

X COORDINATE

0.0 0 0

3

MEMRFR

JOINT

0.0 0 0

MOMENTS OF INEKTTA
A
AXIS
B

ft

-25.000

8

-25.000

TORSIONAL
RIGIDITY

UNIT THFRMAL EXP.
WFIGHT COEFFICIFNT

IFNGTH

25.000
WFIGHT

0.000

OTR. COSINES a ^ y *s
1.000 -0.000 -".0""

1

2

0.300E 08

1.0000

0.1000

0.1000

0. 100F 0?

0 .? RAO

0.100F-01

10.0000

2.8A00

2

3

0.300F 08

1.0000

0.1000

0.1000

0. 100E 02

0.28A0

0 . 100F-01

25.0000

7.1000

2

A

C.300E 08

1.0000

0.1000

0.1000

0. 100E 02

0.2BA0

0 . 100E-01

25.0000

7.1000

3

A

0.JOOE 08

1.0000

0.1000

0.1000

0 . 100F 02

0.78A0

0.1OOF-O1

35.3553

lO.OAOQ

3

5

0.300E 08

1.0000

0.1000

0.1000

0 . 100F 02

0.28A0

0 . 100E-01

10.0000

2.8A0O

1.000 -0.000 -0.000

-o.roo

1.000 -o.non

1 ."00 -0.000 -0.00"
-0.707

0.707 -0.000

3

6

0.300E 08

I.0000

-0.0000

-0.0000 -O.OOOE--38

0.28AO

0 . 100E-01

25.0000

7.1000

0.000

0.000

o.ooo

A

6

0.300b 08

1.0000

-0.0000

-0.0000 -O.OOOf--38

0.2 RAO

0. 100E-01

25.0000

7. 1000

0.000

0.000

".non

A

7

0. 300 E 08

I.0000

0. 1000

0.1000

0.100E 02

0.28A0

0.100E-01

10.0000

2.8AOO

1.000 -0.000 -0.00"

ft

8

0.300E 08

1.0000

0.1000

0.1000

o.

m o F 02

0.78A0

0. 100E-01

10.0000

2.8AOO

1.000 -0.000 -0.000

STRUCTURAL WEIGHT

CENTER OF GRAVITY
THE STIFFNESS MATRIX REQUIRES

89 STORAGE LOCATIONS

92

LDAD INO SYSTFM
L O A D I N G

FORCES

JOINT

X DIRECTION
-O.OOOOF-38
-0.OOOOF-38
-0.OOOOF-18
-0.0000E-38
-O.OOOOF-38

I
2
3
4

5
6

0.200.0F 0 3

-O.OOOOE-38
-O.OOOOF-38

7

8

A P P L I E D

Y DIRECTION
-O.OOOOE-38
-0.OOOOE-38
-0.3000F 07
-O.OOOOE-38
-O.OOOOE-38
0.3000E 07
-o.oonoE-38
-0.6000E 02.

0 I S P L A C E M F N T S
X DIRECT ION
O.OOOOF-38
0.3222T 00
0.3270F 00
-0.2392T 00
O.OOOOF-38
-0.232IE 00
O.OOOOE-38
O.OOOOF-38

I
2
3
4
5
h
7
8

MLM8ER

Y DIRECTION
O.OOOOF-38
-0.3614F 00
-0.9645E 00
-0.3561F 00
O.OODOF-38
0.149 IF 01

O.OOOOE-38
O.OOOOE-38

IN

S Y S T E M

T H E

M O M E N T S

7 DIRECTION

-0.2840E
-0.1704F
-0.3806E
-0.3806F
-0.2840F
0.18306
-D.2840E
-0.2R40E
IN

01
0?
03
03
01
03
01
01

ME MMER

-O.OOOOr-7fl

0.8^336 0?

-O.OOOOF-38

0 . 0 O O 0 F - 30

R O T A T I O N S

7 DIRECTION
O.OOOOE-38
-0.69096-03
0.2033F-03
0.228 IE-03
O.OOOOF-38
0.6P99F-04
O.OOOOF-38
O.OOOOF-38

X AXIS
O.OOOOF-38
0.3706F-O1
O.OOOOF-38
O.OOOOF-38
O.OOOOF-38
O.OOOOF-38
0.OOOOF-38
O.OOOOF-38

J
1
2
2
3
3
3
4
4

2
3
4
4
5

ft
6
7
8

6

m f m RFP

Y DIRECTION

2

D .0000

0.00 00

0.0000

8

0 .00 00

o.onon

4
4
8
A
6
7
8

0•0000

0 .00 00

0.00 00
0.00 00

-0.0000

o.0000
0.0000
-0.0000
o.oono

0.00 00
0.00 0
0 .00 0
0 .00 0
-0 .0 0 0

S H E A R

0
0
0
0

I 6Nri
-0.20 76 E 04
- 0 .66766 04
-C.55H4F 04
0.2536F 05
0.6127F 03
-0.63521 05
-0.8565F 04
0.6873F 03
D . 186RF 03

J FND
-0.20706
-0.6676E
-0.55H4F
0.25356
0.6070E
-0.5352E
-0.8655F
0 . 6 8 16fc
0. 130 IF

T 0 R 0 U F

04
04
04
05
03
05
D4
03
03

J
1
2
2
3
3
3

4

4

ft

2
3
4
4
b
li

ft
7
8

0 . 3524F-01
0 . 14R2F-01
-0.1 378F-01
- O . O O O O E - 36
-o.oooor-38
O.OO O O E -33
-O.OOOOE-38
0.O O O O F - 38
- O . OOOOF-38

NUMBER
1
1
1
1
1
1
3
3
3

4
4
4
6

6
6

5
5

5
6
6
6
7
7

7
7
7
7
R
8
8
8
8
8

7 AX Ic
0•O O O O F - 3 8

o.3S74F-OI
O.OOOOF-78
0. O O O O F - 38
O . O O O O F - 38
O.OOOOF-38

O.OOOOF-38
O.OOOOF-38

9.0000E-38
O.OOOOF-38
O.OOOOF-38
O.OOOOF-38

3.0000r-38
0 . O O O O F - 38

I FND
-0.5397E 04
0.3977F 03
0.2788F 03
-0.6765C 03
0.1177F 05
-O.OOOOE-38
-O.OOOOF-38
- 0 .H612E 04
-O.R355F 04

C E

IN

7 0 IRFF T 1ON

0 .00 00

0 .00OO
0 .00 00
0 .00 00
-0 .0 0 0 0

-10.0000

F O R

T H F

D I R E C T ?

A X I S
J END
-0.5397F 04
0.3977E 03
0.2788F 03
-0.6765E 03
0.11776 08
-0.O O O O F -3 3
-0.00006-38
-0.86I2E 04
-0.8355F 04

« E N O ! r N G
A

1

THF

Y AXIS
O.OOOOF-38
0.3446F-01

o.oono
0 .noon
o.oono
-2 0 . n o n 0

0.0000
0.0000
0.0000

A
I

A O 0 i» T

UNIFORM DISTRIBUTED LOADING IN THF

1

F O R C E

7 AXIS

- 0 . 0 0 0 0 E - 30

2
2
3
3
3
4
4
6

A X I A L

OUT
-O.OOOOF-3R
- 0 . O O O O F - 78
O.OOOOF-78
- O . O O O O F - ’R
0.OQ00F-3R
- 0 . O O O O F - 78
O.nnnnF-78

X D I R E CTION

0 .00 00
0.00 00

A 8

Y AXIS
-o.onooF-38
-0.1296F 03
0.1646F 04
-0.1545F 04
-O.OOOOF-3R
0.29SRF O?

T HF

TEMPERATURE

10.0000
o.noon

A P P L I F 0

X AXIS
O.OOOOF-38
-0.103OF 04
-0.1545F 04
0.1545F 04
-0.0000c-3fl
-0.5375F 0?

I FND
-0.41D2F 05
0.1655E 05
0.1779F 05
-0.21425 04
-0.1736F 06
- O . OOOOE-39
- O . OOOOF-38
-0.6409E 05
0.26846 06

RESTRAINT CONDITION
DISPLACEMENT IN THE X DIRECTION
DISPLACEMENT IN THF Y DIRECTION
DISPLACEMENT IN THE Z DIRECTION
ROTATION ABOUT THE X AXIS
ROTATION ABOUT THE Y AXIS
ROTATION A3OUT THE 7 AXIS
ROTATION ABOUT THF X AXIS
ROTATION ABOUT THE Y AXIS
ROTATION ABOUT THE 7 AXIS
ROTATION ARCUT THF X AXIS
ROTATION ABOUT THE Y AXIS
ROTATION ABOUT THE 7 AXIS
01SPI ACEMENT IN THF X OIRFCTION
DISPLACEMENT IN THF Y 01R EC TI ON
DISPLACEMENT IN THE 7 DTRFCTTON
ROTATION ABOUT THE X AXIS
ROTATION ABOUT THF Y AXIS
ROTATION ABOUT THF 7 AXIS
ROTATION ABOUT THE X AXIS
ROTATION ABOUT THF Y AXIS
ROTATION ABOUT THE 7 AXIS
01 SPI Af.FMFNT IN THE X DIRECTION
DISPLACEMENT IN THF Y OIRFCTION
DISPLACEMENT IN THE 7 DIRECTION
ROTATION ABOUT THE X AXIS
ROTATION ABOUT THF Y AXIS
ROTATION ABOUT THE 7 AXIS
DISPLACEMENT IN THF X DIRECTION
DISPLACEMENT IN THF Y DIRECTION
DISPLACEMENT IN THE 7 DIRECTION
POTATION ABOUT THE X AXIS
ROTATION ABOUT THF Y AXIS
ROTATION ABOUT THE 7 AXIS

M O M E N T

RFACT ION
-o.5397E 04
0.6981F 04
0.20756 04
-0.41026 rt5
-0.3732E 06
-0.3524F-•01
-0. 1721F 06
-0.62156 05
-0.2116E 05
-0.56776 06
0.4460E 05
-0.19676 ns
-o.lI77c 05
0.3472E 06
-n.6070E 03
-0.1736F Oft
-0.5885F 05
O.OOOOF-■78
0.26846 06
0.4175F 0*=
-0.OOOOF-■38
0.B612F 04
0.1282F 05
-0.6816E 03
-0.6409F 05
0.43066 06
-0.0000 F-■38
0.B355F 04
-0.5362? 06
-0.1801E 03
0.26836 06
0.4178 F 05
O.OOOOE-■38

n

A B O U T

o f

T

A X I S

j r»jn
-0.593 ir 04
n .9 3 3 3 F r>3
n . io S 8F r>4
n .36366 n *
- n .34 72F ns
— o .o 3 0 o r •-33
-0.00 OOF.-7 8
- n .178 ?F OS
.S3* ?r

I END
-0.598 IF 04
0. 90 756 03
0.1077F n4
-0. 3635r 03
-0•34 72e 06
O.OOOOF-38
0. O O O O F - 38
-0.123?^ os
0.5 3 72F n«=

nc

t

h

r
A V J S

A X I S
J FNO
0.1879F OS
- 0 . 8 2 1 6F 04
-0.3337F 04
-0.21436 04
0.1736F 06
0.00006-33
0.O O O O F - 3 8
0.6409F 05
-0.2633F 06

°

R

I FNO
0 .3 73 2 r os
-0.743SC 33
0.7435F 03
n . H 966 OS
-0.583S6 OS
O.OOOOF-38
0.00006-38
n.430sr os
0 . 4 1 7 « f OS

] FNO
- n . 1665^ rt6
n.q7rnc n/.
0.771 3 r 04
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ABSTRACT

This thesis provides a capability for the preliminary design of a
small, one-man, parawing, sport aircraft.

Useful information from the

literature concerning parawings is presented under the categories of
Aerodynamics, Control, Stability, Power Plants, Wing Construction, and
Frame Construction.

Preliminary design decisions were made on the basis

of the information from the literature, and further analysis was done to
supplement that information.
An analysis of the landing gear was done on the analog computer in
order to determine a satisfactory configuration and then that landing
gear configuration was analyzed structurally along with the rest of the
aircraft structure.
The structure was analyzed using a frame analysis program on the
IBM 7040 computer.

The structure configuration chosen was analyzed, new

member properties were chosen, and the structure reanalyzed.

The final

analysis gave a satisfactory weight and, along with other findings of the
thesis, demonstrated that construction of an inexpensive aircraft with
the stated characteristics is feasible.
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